
ABSTRACT 

OVERMAN, ELIZABETH LYNNE. Intestinal CRF Receptor Subtypes Mediate Divergent 

Roles in Stress-Induced Intestinal Epithelial Barrier Dysfunction. (Under the direction of Dr. 

Adam Moeser and Dr. Anthony Blikslager). 

 

 Intestinal barrier function is highly sensitive to psychologic stressors, and it is well 

known that stress can exacerbate or initiate gastrointestinal disease.  While many factors 

contribute to the influence of stress on the gut, the mast cell (MC) has been implicated as the 

main effector cell mediating stress-induced gastrointestinal dysfunction.  A series of 

experiments were conducted to determine the physiologic role of MC corticotropin releasing 

factor (CRF) receptors CRF1 and CRF2 in stress-induced intestinal barrier dysfunction.  

Initial experiments involving ex vivo stimulation of porcine ileal segments with CRF receptor 

agonist treatments revealed functional differences in tissue response to CRF1 activation 

versus CRF2 activation.  In this study, CRF1 activation ex vivo in healthy ileal tissue resulted 

in increased intestinal barrier dysfunction, indicated by increased paracellular flux and 

decreased transepithelial electrical resistance (TER), while CRF2 activation resulted in 

enhanced barrier function, indicated by significant decrease in paracellular flux and increase 

in TER.  In addition, CRF1 activation was consistent with increase proinflammatory mediator 

release, including increased TNF-α and tryptase release.  All of these affects were inhibited 

by pretreatment of the tissue by MC stabilizer drug cromolyn sodium (CS), tetrodotoxin, 

protease inhibitors, and anti-TNF-α treatment, signifying the role of the MC, neural 

signaling, and MC mediators in CRF-induced intestinal barrier dysfunction.  To confirm the 

ex vivo results gathered from this model, a second study was conducted using early weaning 

stress (EWS) as a model of stress-induced intestinal barrier function to further consider the 

roles of CRF receptors in MC-CRF induced intestinal barrier dysfunction.  EWS piglets were 



pretreated prior to stress with either Astressin b (CRF1 and CRF2 blockade) or Astressin 2b 

(CRF2 blockade).  Interestingly, blockade of both receptors abolished all negative changes in 

intestinal barrier dysfunction seen post EWS, while blockade of CRF2 resulted in exacerbated 

intestinal barrier dysfunction, significantly over EWS alone.  This exacerbation was also 

associated with marked increase in MC infiltration and activation, as well as increased 

neutrophil infiltration and inflammation, providing further evidence that CRF2 is protective 

in nature while CRF1 is driving the deleterious effects of the stress response in the gut.  

Taken together, this data presents a novel CRF2 protective function that is MC-dependent, 

while solidifying the role of both receptors in stress-induced barrier dysfunction in the gut.   
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CHAPTER 1.  LITERATURE REVIEW 

Mast Cells:  Effector Cells Modulating Stress-Induced Changes in Intestinal Epithelial 

Barrier Function  
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Abstract 

Mast cells can have a profound impact on intestinal physiology in response to stress.   

The use of mast cell (MC) stabilizer drugs in experimental treatment has abolished stress-

induced changes in ex vivo intestinal function in both rodents and large animal models.   MCs 

and corticotropin releasing factor (CRF), a central stress mediator, have been linked in 

increased inflammation in stress-induced diseases including inflammatory bowel disease 

(IBD) and irritable bowel syndrome (IBS), and CRF has been shown to activate MCs via the 

CRF receptors CRF1 and CRF2.  Thus, much evidence exists for strong connections and 

communication between the nervous system and MC activation in stress-induced disease in 

both human and large animals, as well as in rodent models.  In addition, MC activation is 

implicated in playing a role in stress induced intestinal barrier dysfunction, mucus secretion, 

visceral hypersensitivity, motility, and bacterial attachment.  As many MC mediators, 

including proteases, proinflammatory cytokines, and prostaglandins, have the ability to 

directly effect intestinal physiology and integrity, many of these MC mediators have the 

potential to effect epithelial architecture and barrier function as well.  Recent studies provide 

evidence that the MC response to stress be targeted through specific action of CRF1 and 

CRF2, with both of these receptors guiding divergent downstream results of MC activation; 

CRF1 controlling the deleterious effects of stress while CRF2 being protective in action.  

Herein, we will discuss the powerful affect of psychological stress on the MC, as well as the 

potent affect of the MC in stress-related gastrointestinal disorders and potential therapeutic 

targets in stress-induced gastrointestinal disease.   
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I.  Introduction 

 Mast cells (MCs), mainly known for their participation in allergic histamine response 

to exogenous antigens, have been implicated as an important part of the innate mucosal 

immune response and regulation [1-3]. MCs are derived from pluripotent progenitor 

hematopoietic cells in the bone marrow that express CD34, CD13, and CD117 [4, 5].  These 

progenitor cells circulate in the blood and migrate to mucosal surfaces and peripheral tissues 

by chemoattractant mediated migration.  The progenitor cells then differentiate into mature 

MCs due to locally produced differentiation and growth factors, such as stem cell factor 

(SCF) [6, 7] and IL-3 [8].  These cells are long lived, and despite living for months or years 

and being terminally differentiated, they can still proliferate under appropriate stimuli [2].  

MCs are ubiquitous in the body, and are acted upon by numerous biochemical products to 

release a plethora of mediators that play an influential part in immunological and 

physiological regulation of the gastrointestinal tract [9].   

MC mediators can be broken down into several groups:  proteoglycans, proteases, 

amines, and arachidonic acid metabolites [10].  These mediators can be further divided into 

preformed mediators that may be released immediately or de novo synthesized mediators that 

can be mobilized and made within minutes to hours following activation.  Preformed 

mediators include histamine, serine proteases, tryptase, chymase, and various cytokines 

(Figure 1A) [11].  The de novo synthesized mediators include prostaglandins and 

leukotrienes as well as arachidonic acid metabolites, chemokines and cytokines.  As MCs are 

known to be located at mucosal/luminal interfaces, these released products can profoundly 

impact mucosal immunity and commensal microorganism homeostasis.  MCs are found 
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proximal to both blood vessels, lymphatic vessels, as well as to nerve fibers, dendritic cells, 

and epithelial surfaces [1, 12] (Figure 1C).  While mature MCs in the intestine are rare, MC 

progenitors are abundant, and ensure the rapid expansion in response to activation [13]. 

MC mediators can have a profound effect on both distant and neighboring cells.  

During intestinal dysfunction, several mediators are capable of compromising barrier 

function, or the ability of the intestinal barrier to prevent the passage of harmful antigens 

while allowing the uptake of beneficial substances from the lumen.  When the intestinal 

barrier becomes compromised, pathogens can activate MCs in the lamina propria to 

synthesize and release pro-inflammatory cytokines.  Activation of MCs by microbes results 

in the release of cytokines that enhance the inflammatory response through the activation and 

recruitment of other inflammatory cells such as neutrophils [14].  Although MCs are mainly 

known to be activated through an IgE antibody bound to a high-affinity receptor FcεR1, they 

are also activated through cytokines, hormones, neuropeptides, immunoglobulins, serine 

proteases, and drugs [15].  MCs are also known to be activated through toll like receptors 

(TLRs) or other pattern recognition receptors (PRRs), in response to lipopolysaccharide 

(LPS) or pathogen activated molecular patterns (PAMPs) [16], as well as through immune 

factors including complement [17] and neural signaling.   MCs can also be activated by 

physical stimuli, including cold temperature, changes in pressure, or vibration, all of which 

induce mediator release [4].  Interestingly, MCs have been a recent focus of downstream 

stress signaling and central or peripheral released corticotrophin releasing factor (CRF) [18, 

19], demonstrating ability to respond to both physiological and psychological stressors.  
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Thus, MCs are able to respond to a vast variety of stimuli and potently influence homeostasis 

(Figure 1C).   

Many drugs are used to stabilize MCs, including Cromolyn Sodium (CS), MAR-99, 

[20], and Doxantrazole [21], all of which prevents MC degranulation.  These drugs, along 

with MC activators such as Compound 48/80 [22], can be used to manipulate MC activity for 

research purposes.   More recently, MC degranulation has been studied heavily as the 

downstream affect of central psychological stress [23-25] and a potential for therapeutic 

treatment of disease.  As the MC can be potentially modulated with chemical stabilizers in 

the therapeutic treatment of stress-induced intestinal disease in both human and veterinary 

patients, research in this area is both necessary and important.  Herein, we will discuss the 

powerful affect of psychological stress on the MC and the potent affect of the MC in stress-

related gastrointestinal disorders.    

 

II.  Activation of MCs in the stress response.    

MCs Respond to Central Stressors 

 The hypothalamus-pituitary-adrenal (HPA) axis is the main connector of the central 

nervous system to the peripheral autonomic and enteric nervous systems.  This connection 

allows the transmission of stress perception and experience from the HPA axis to the GI tract 

through the production and dispersion of chemical mediators.  MCs in the GI tract serve as 

effectors in the HPA axis and are known to be activated during the stress response with 

increases in MC mediator concentration detected following a stress, specifically tryptase and 

histamine [13, 26].  Although MCs are known to be activated during the stress response, the 
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exact means by which MCs are regulated during the stress response remain unknown.  The 

major stress mediators implicated in MC activation and regulation include CRF and related 

peptides, glucocorticoids, nerve growth factor (NGF) and neural signaling pathways. 

 

CRF signaling and the MC  

 CRF is a 41-amino acid peptide, produced centrally in the brain and peripherally in 

tissues [9].  Stress stimulates the HPA axis to release CRF, leading to the secretion of 

mediators such as glucocorticoids that may regulate the immune response [27].  Acute stress 

results in increased CRF release [28].  Consequently, CRF has been identified as one of the 

main neuroendocrine mediators involved in the stress response with CRF immunoreactivity 

greatly increased in stressed compared to control rodents [18, 28, 29].  CRF and its receptors 

are present in the small intestine, large intestine and gastric myenteric plexus in both rodents 

and humans [15, 30-33].  CRF activity is mediated by two seven-transmembrane G-protein 

coupled receptors (GPCRs) known as CRF1 and CRF2 [34].  CRF is believed to have 

peripheral proinflammatory effects through MC activation as MCs express functional CRF 

receptors capable of releasing mediators in response to CRF stimulation [9].  Outside of the 

GI tract, CRF and MC activation have been linked to inflammatory diseases worsened by 

stress such as rheumatoid arthritis (RA), cardiovascular disease and osteoarthritis [9, 35-39]
,
 

peritoneal endometriosis and interstitial cystitis [35, 40, 41] and osteoarthritis [42].   

 Within the GI tract, CRF and MC activation have been linked to inflammatory and 

functional intestinal disorders including irritable bowel syndrome (IBS) and inflammatory 

bowel disease (IBD) that are believed to be exacerbated by stress [43].  Evidence strongly 
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points to both CRF and MCs being implicated in inflammatory signaling cascades as well as 

worsening disease symptoms in these stress-induced disorders.  For example, rodent models 

of colitis demonstrate the importance of CRF signaling [44, 45] and MC activation [46, 47] 

in intestinal inflammation.  Mice with reduced CRF or CRF receptor expression develop 

reduced inflammation in the intestine [48, 49]
, 
while rodents deficient in MCs are protected 

from intestinal dysfunction due to stress [19, 50].  Samples taken from human patients with 

IBS and IBD have increased numbers of MCs and show increased MC activity and 

degranulation [51, 52], confirming that MCs, stress, and CRF are linked not only in rodent 

models but also implicated in human stress-induced disease.   

The CRF family of neuropeptides is comprised of structurally related peptides 

including CRF, Urocortin (Ucn), Ucn 2 and Ucn 3.  Urocortin is a 40-amino acid peptide that 

binds to both CRF1 and CRF2 [53].  Urocortin binds with equal affinity to CRF1 but with a 

higher affinity for CRF2 when compared to CRF.  Ucn2 and Ucn3 are both 38 amino acid 

peptides that bind selectively to CRF2 [54, 55].  In addition to structural similarities to CRF, 

the urocortins appear to display similar function to CRF in MC activation and the stress 

response.  Evidence points to each receptor having specific functions and binding affinities.  

CRF1 binds to CRF and CRF-related peptides including Ucn, urotensin I, and sauvagine with 

approximately equal binding affinity; whereas, CRF2 binds Ucn, Ucn2, and Ucn3 with 

significantly higher binding affinity than CRF 
[34]

.  Urocortins are capable of binding and 

activating MCs resulting in increased intracellular calcium concentration and MC 

degranulation [56].  This was further demonstrated in a rodent model by intradermal injection 

of Ucn leading to MC degranulation and increased vascular permeability [57].  These 
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changes occurred through a MC dependent mechanism as changes in vascular permeability 

was not seen in mice given a MC stabilizer or in MC-deficient mice.  MCs are capable of 

secreting both CRF and Ucn and may subsequently regulate themselves through autocrine 

signaling [58].  As these multiple stress mediators can bind to both CRF receptors with 

different affinities, this creates a complex signaling mechanism involving multiple mediators, 

receptors, and cell types in response to stress, which still remains to be fully understood.  As 

well as different binding affinities for stress receptors, evidence points to diverging roles of 

these receptors in stress and stress-induced disease, and thus a differential role for CRF 

receptors in the stress response has been debated [59].  Lacking either of these receptors 

disrupts homeostasis, as mice lacking CRF1 display an impaired stress response and 

compromised HPA-axis; whereas, CRF2 knockout mice show increased sensitivity to stress.   

CRF clearly acts on the intestine and plays a potent role in the organ’s response to 

stress.  For example, CRF has been shown to be up-regulated in jejunum from pigs that have 

been subjected to early weaning stress, and application of CRF to isolated mucosal segments 

results in mucosal barrier dysfunction and hypersecretion via MC-dependent pathways, 

similar to that seen in early weaned pigs [60].  Peripheral administration of CRF has been 

shown to mimic the epithelial response to stress, resulting in increased barrier dysfunction 

through increased short circuit current (Isc), increased conductance (G), increased 

permeability and flux of large molecules, as well as decreased transepithelial electrical 

resistance (TER) [18].   Dose-dependent increase in intestinal dysfunction due to CRF 

administration can also be attenuated by CRF receptor antagonism [19]. 
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Once CRF receptors are activated in the stress response, downstream signaling from 

these GPCRs causes gene transcription, vesicular trafficking of secretory granules, and 

degranulation.  While both CRF receptors can bind to CRF as well as related peptides, recent 

research demonstrates different intracellular signaling pathways for each receptor [61].  CRF 

receptors are classically thought of as Gαs-coupled GPCRs that exert their effects via 

activation of adenylyl cyclase (AC) and subsequent increases in the second messenger cAMP 

[62, 63].  Recently, CRF1 activation has been reported whereby CRF binds to a Gαs-coupled 

CRF1, leading to a Gαβγ- and mitogen activated protein kinase (MAPK)-dependent increase 

in cAMP response element binding (CREB) protein phosphorylation in neuronal nuclei [64] 

potentially via protein kinase C (PKC) activation [65].  There is evidence that CRF2 

activation leads to intracellular signaling, resulting in downstream CREB phosphorylation 

[65].  Further, Ucn2 binding to CRF2 leads to increased intracellular cAMP levels through 

activation of the Gαs- AC pathway and increased extracellular signal-related kinase 

(ERK1/2) phosphorylation through protein kinase A (PKA) and exchange protein directly-

activated by cAMP (Epac)-dependent pathways as well as activation of Phosphoinositide 3-

kinase (PI3-K) signaling [66].   Both CRF1 and CRF2 signal via PI3-K pathways, which 

through signaling cascades involving Ptdlns (2,3,4)P3, Burton’s tyrosine kinase (Btk), and 

phospholipase Cγ (PLCγ) opens plasma membrane calcium channels, culminating in Ca
2+

-

dependent granule exocytosis [67].   Thus, new evidence is pointing to multiple downstream 

signaling mechanisms for these receptors.   

Moreover, there is some evidence for CRF2 regulation of CRF1 activation, as CRF2 

activation has shown to blunt increases in cAMP downstream of CRF1 activation [68].  This 
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is a potential mechanism of CRF2 regulation of CRF1 signaling, and presents an interesting 

option of CRF2 inhibiting CRF1 activity.  The complexity in signaling of these two GPCRs 

will be further elucidated as interest in their signaling pathways increases (Figure 2).  There 

is also strong evidence for downstream increases in intracellular Ca
2+

 concentrations via 

PLCγ signaling [69] downstream activation of Gβγ and CRF1, resulting in subsequent Ca
2+

 

mediated granule exocytosis.     

  Interestingly, there are also functional differences in CRF1 and CRF2.  Activation of 

CRF1 causes a proinflammatory and pro-nocioceptive responses to pain, while CRF2 causes 

anti-inflammatory and anti-nocioceptive responses in the colon [70].  Conflicting information 

has been presented concerning the participation of CRF1 and CRF2 in the MC stress 

response.  Teitelbaum et al. treated MC deficient and wild type rats with selective CRF 

antagonists and agonists to determine the differential effects of CRF1 and CRF2 [18].  

Agonists for CRF1 increased baseline secretory state (Isc) in wild type rats only, while 

agonists for CRF2 significantly increased Isc and horse radish peroxidase (HRP) flux.  

Further, a CRF2 antagonist blocked the CRF-enhanced values for HRP flux and conductance, 

while MC deficient Ws/Ws rats showed none of these CRF receptor-dependent intestinal 

changes.  Thus, MC-CRF2 mediates both paracellular and transcellular permeability in the rat 

colon, while MC-CRF1 maintained secretory state alone or in cooperation with CRF2.  

Interestingly, Barreau et al. has used similar techniques to block both CRF1 and CRF2 [71] 

and showed that the blockade of CRF1 abolished intestinal hyper-permeability due to 

neonatal maternal deprivation stress.  This finding indicates that CRF1 plays an important 

role in the elevated intestinal permeability triggered by stress, which is contradictory to the 
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findings by Teitelbaum, et al.  More recently, Ussing chamber studies where healthy porcine 

ileum was treated with CRF ex vivo resulted in increased intestinal barrier dysfunction which 

was abolished with MC protease inhibitors and cromolyn sodium.  Further, CRF2 was 

upregulated in these non-stressed, healthy animals [60].  In addition, this study demonstrated 

exacerbated intestinal dysfunction post CRF2 blockade, providing evidence that CRF1 

mediates the deleterious effects of MC-dependent intestinal stress response [60].  These more 

recent studies are solidifying CRF1 as mediating deleterious effects of the stress response, 

while providing evidence of CRF2 being protective in action, further clarifying the previous 

disagreements in results concerning which CRF receptor is mainly responsible for in the 

increase in intestinal barrier dysfunction during stress.  Further research will elucidate the 

main receptor(s) responsible for increased secretion and paracellular permeability.   

With CRF being the major stress peptide released centrally and peripherally, and 

MCs possessing CRF receptors, the pathway of activation in stress seems clear, with neurons 

releasing CRF due to stress, CRF binding to MC-CRF receptors, and then MCs degranulating 

to cause gut dysfunction.  In truth, this pathway is much more complex.  MCs themselves 

have been shown to produce both CRF and Ucn [56] and release these mediators downstream 

of IgE activation [72].  Thus, MC release of CRF or similar analogs could signal in both an 

autocrine or paracrine fashion.  As many other cell types, including macrophages [73, 74], 

enterocromaffin cells [75], epithelial cells [76], and most notably enteric neurons [77] 

express either or both receptor subtypes, the possibility of negative and positive feedback 

loops and/or complex signaling mechanisms is likely.  Still, evidence clearly points to HPA 
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axis activation resulting in MC activation and CRF-induced changes at the level of the 

intestine.   

 

Glucocorticoids 

 Conversely, activation of the HPA axis by stress may also act to downregulate MC 

activation through the production of glucocorticoids.  As glucocorticoids are known to be 

downstream regulators of the stress response [78, 79], and increased levels of glucocorticoid 

receptors are seen in mucosal tissue of stressed animals [60], the potential regulatory affect 

of glucocorticoids on MCs in the stress response is incredibly important.   Glucocorticoids 

act as immunosuppressors that reduce inflammation and have been shown to effect MC 

function through several mechanisms [80].  The glucocorticoid dexamethasone can alter MC 

gene expression as evidenced by the suppression of IL-13 and TNF-α expression both in 

vitro and in vivo [81-83].  MC development and maturation is inhibited by glucocorticoids as 

observed by decreased MC numbers [84], which is observed in a study where 

Dexamethasone prevented progenitor cells to develop into normal MCs [85].  Further, 

maturation of human cord-blood derived MCs was limited by administering glucocorticoids 

in a dose dependent manner [86].  MC release of mediators can be inhibited by 

glucocorticoids [87], and glucocorticoids can alter signaling events and transcription of 

cytokine genes [88], potentially through inhibitory protein Src-like adaptor protein (SLAP) 

that is induced by glucocorticoids and reduces calcium mobilization in MCs [89].  The 

expression of glucocorticoid-induced leucine zipper (GILZ), an inhibitor of transcription 
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factors activator protein-1 (AP-1) and nuclear factor-κB (NF-κB), may also be responsible 

for the deactivation of MCs following glucocorticoid treatment [90].    

 

Nerve growth factor 

 Other stress-related neural peptides are also involved in the degranulation and 

maturation of MCs in the stress response.  For example, nerve growth factor (NGF) is a 

neurotrophin involved in MC biology with the ability to cause bone marrow cells to 

differentiate into connective tissue MCs and alter MC size and number [91, 92] and prevent 

MC apoptosis [93].  MCs may undergo autocrine NGF signaling as they are capable of 

synthesizing, releasing, and storing NGF [94].  Interestingly, NGF has been shown to be 

centrally downregulated in maternally separated rats challenged as adults with water 

avoidance stress [95], while increased colonic levels of NGF are seen in heterotypic 

chronically stressed rats [96].  Treatment with an anti-NGF antibody abolished increases in 

intestinal permeability brought on by stress [97] and significantly decreased MC-activation 

induced intestinal barrier function [71], suggesting a role of NGF in stress- and MC-induced 

intestinal dysfunction.  These studies suggest that MC-released NGF is negatively affecting 

barrier function in the intestine.  In addition, anti-NGF treatment significantly decreases the 

number of MC-neuron close associations seen after early life stress [98], suggesting that 

there is NGF-dependent MC and neural communication due to stress.  Given all of this 

information, the impact of NGF on intestinal barrier function due to stress, MC maturation 

and proliferation, as well as MC-dependent modulation of the intestinal barrier is evident, 
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although more research is required to completely understand neural-MC-epithelial crosstalk 

in the stress response.   

 

Nerve-MC interactions   

Nerve-MC interactions have been a subject of intense research as the precise 

psychological factors that affect neuronal pathways and MC activation remains unknown 

[15].  Not only does the release of MC mediators have an influence on intrinsic and extrinsic 

nerves, but transmitter release from the extrinsic and intrinsic neurons may affect MCs as 

well.  Multiple pathways could be involved in this communication, including vagal and 

spinal afferent neurons, parasympathetic efferent neurons, sympathetic post-ganglionic 

neurons, and second order intrinsic or enteric neurons. The MC-neuron interaction is of 

particular importance in the GI tract, as this cross-talk regulates immune function as well as 

neurophysiological processes such as gut motility, ion secretion, and visceral pain perception 

in response to stress [99-101].  Pretreatment of intestinal tissue with tetrodotoxin, a broad 

spectrum neural signaling inhibitor, inhibited stress-induced changes in barrier function [102] 

proving that neural signaling is necessary for MC action during the stress response.  Because 

of their striking proximity to neurons [103-105] and ability to release neuro-immune 

mediators [106, 107], the MC-neuron interaction is one that has received great attention 

(Figure 3A).   

MC mediators can have varied effects on neurons.  MC histamine can act on 

submucosal neurons to depolarize the membrane and suppress acetylcholine release through 

both the histamine H2 and H3 receptors [108].  Serotonin is another MC mediator released 
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during degranulation.  Receptors for serotonin are located on myenteric neurons, submucosal 

neurons and smooth muscle cells of the guinea pig ileum and mediate intestinal smooth 

muscle relaxation [109].  Serotonin has been shown to modulate visceral hypersensitivity 

[110], excite human enteric neurons [111], and found to be upregulated in supernatants of 

IBS patient biopsy tissue in correlation with increased MC number [112].  Interestingly, 

enteric neuron signaling decreased with serotonin receptor, 5-HT, receptor antagonism, 

suggesting that MC secretion of serotonin could play a role in IBS patient enteric neural 

signaling [112].   Various cytokines known to be released by MCs can also act directly or 

indirectly on gut neurons, and while these cytokines have not been identified as being MC-

dependant in these models, MCs can produce them and they can have these affects on gut 

neurology.  For example, IL-1β can stimulate neurons to produce other cytokines and 

stimulate inflammatory cells to produce prostaglandins that act on the enteric nerve system 

(ENS) [113, 114].  TNF-α , another cytokine released by MCs, alters the electrophysiological 

pathways of rat myenteric neurons through cyclooxygenase metabolites [115].  Further, 

neurotransmitter substance P is released from nerve fibers to induce degranulation of MCs, 

but as no substance P receptors have been found on intestinal mucosal MCs, it is thought that 

substance P stimulates MC degranulation through an alternate response [116].  One potential 

mechanism is that under certain conditions, MCs may express functional neurokinin 1 

receptors that may be responsible for substance P induced MC degranulation [117].  Studies 

revealed that increased neurokinin 1 receptor expression led to enhanced MC sensitivity to 

stimulation by substance P.    
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 Evidence points to the neural-MC interaction being both powerful and necessary.  

Not only have MCs been found in close proximity to nerves in human biopsy tissues of 

patients with IBS [100], but data also shows increased activated MCs in close proximity to 

neurons in intestinal tissue of stressed rats [98]. Moreover, MC derived mediators from 

intestinal biopsies of patients with stress-induced GI disease caused increased firing in 

colonic neurons [101].  With the close association of MCs and neurons, as well as evidence 

for their communication well documented in literature [98, 100, 101] it remains to be 

discovered the exact communication methods between these two cell types.   

 

Parasympathetic Innervation and Mast Cells:  Cholinergic Regulation 

 MCs in the GI tract form close associations with cholinergic and peptidergic neurons 

allowing direct communication from the central nervous system to the gastrointestinal 

mucosa (Figure 3B) [118].  Vagal stimulation has been shown to cause an increase in the 

number or density of MCs in the intestine, as well as an increase the number of MCs 

expressing serotonin or histamine in rat jejunum [119, 120]. Acute stress alters the ratio of 

acetylcholine (ACh) to substance P (SP) [121], with increased ACh in WT rats compared to 

Ws/Ws MC deficient rats, indicating that MCs contribute significantly to ACh levels and 

signaling.  Activation of nicotinic ACh receptors on MCs limited mucosal MC degranulation 

[122] and administration of acetylcholine to human MCs has been shown to inhibit histamine 

release [123].  Also, pretreatment of CRF-treated rodents with the muscarinic receptor 

antagonist atropine as well as the nicotinic receptor antagonist hexomethonium abolished 

CRF-induced changes in intestinal barrier function, suggesting that MCs and cholinergic 
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neural signaling are involved in increased intestinal dysfunction due to stress and CRF [21].   

Still, the relationship between cholinergic neurons and MCs is unclear.  Other immune cells, 

including eosinophils, have been implicated as downstream signaling recipients of 

cholinergic neurons, resulting in the release of mediators that activate MCs in ulcerative 

colitis patients [124].  Further research on this area will elucidate the exact communication 

mechanisms between cholinergic neural signaling and MC activation due to stress.   

 

Sympathetic Innervation and MCs:  Adrenergic Regulation 

MC response to sympathetic signaling is inhibitory rather than excitatory, as MCs 

respond to parasympathetic stimuli (Figure 3B).  Sympathetic postganglionic innervation is 

thought to create tonic inhibition of MC mediator release in the intestine [119].   Both mouse 

and human MCs present adrenoceptors, most importantly the β2-adrenoceptor (β2-AR) [125] 

and activation of this receptor results in increased intracellular cAMP and suppression of MC 

activation [126, 127].  Intestinal MC activation via β2-AR with epinephrine and 

norepinephrine suppressed the IgE- dependent release of histamine, lipid mediators, and 

TNF-α, and inhibited stem cell factor (SCF) dependent MC proliferation and migration, 

while interfering with MC adhesion to fibronectin and human endothelial cells [128].  Thus, 

the sympathetic nervous system has a potent inhibitory affect on intestinal MCs.  This 

mechanism might prevent widespread and unchecked MC activation and release of pro-

inflammatory mediators.  ATP is released in the GI tract through co-release of epinephrine 

and norepinephrine from sympathetic neurons, as well as through noradrenergic, 

noncholinergic inhibitory neurons [15].  ATP is known to cause the release of histamine 



 

18 

through the degranulation of MCs as well as participate in the recruitment of MCs to the GI 

tract [129].  Thus, although the sympathetic nervous system is largely inhibitory, there are 

ways that the sympathetic nervous system can activate MCs, though this is not the main 

mechanism of action for these neurons.   

 

Enteric Nerves, Mast Cells, and CRF 

 Interestingly, the role of neurons, as well as their interaction with MCs in response to 

stress, is further complicated by the knowledge that neurons can also respond to CRF 

stimulus.  CRF1 and CRF2 receptors are expressed abundantly in the ENS [32, 130, 131], 

with both CRF1 and CRF2 being found in the myenteric and submucosal plexi neurons along 

the length of the rat GI tract.  Interestingly, IP injections of CRF or UCNs have been shown 

to cause changes in gastric emptying, colonic motility, and visceral hypersensitivity [132-

134] providing evidence that neurons can be stimulated by these stress peptides.  Moreover, 

exposure to CRF has been shown to depolarize the membrane potential and elevate 

excitability in single neurons in the myenteric plexus of the guinea pig ileum and colon [77, 

135].  With both MCs and neurons shown to be activated by CRF and stress peptides, a 

complex signaling relationship in response to stress is possible.  As neural-mediated changes 

in gut function due to increased stress peptides have been blocked by CRF receptor 

antagonism [77, 135] as well as MC stabilizer drugs [13, 136], there is strong evidence for 

the involvement of both factors in the stress response.  Further research will determine the 

exact roles of neural signaling and MC activation due to CRF and stress peptide binding, as 

well as provide a context for clinical blockade of stress-induced disease pathology.      
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III.  The role of MCs in Stress-induced Intestinal Pathophysiology 

 Activation of MCs by stress has been well-documented in a variety of animal models 

and clinical observations. The mechanism of stress-induced MC activation is not entirely 

understood, however, it is known that MCs express receptors for a variety of peptides known 

to be released in the stress response and therefore represent potential pathways for activation.  

MCs are known to participate in mediation of intestinal motility, visceral sensitivity, and 

epithelial and mucosal gut barrier function in both acute and chronic stress [26].  The role of 

MCs and stress have been implicated in gastrointestinal disorders such as IBD, where the 

release of MC mediators can exacerbate the disease [137].  Patients with IBD show an 

increase in MC activity and degranulation, leading to an exaggerated MC response that can 

intensify inflammation [52].  The relationship between the integrity of the intestinal barrier 

and the onset of IBD symptoms have been widely studied and debated, but it is generally 

accepted that a combination of environmental factors, barrier function, and dysregulation of 

the immune system are involved [138].  Once activated MCs can release a variety of 

preformed and synthesized products culminating in profound changes in GI pathophysiology. 

However, the role and nature of each mediator in the stress response is not well understood. 

 

Barrier Function 

A single layer of columnar epithelial cells, held together by tight junctions, separates 

the intestinal lamina propria from an immense load of antigens, ingested food, resident 

bacteria, and invading microorganisms as well as playing a major role in the digestion and 

absorption of nutrients [139].  The gastrointestinal barrier relies on several parameters for 
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maintenance of healthy function, such as secreted mucus, enterocyte membranes, and 

immune cells [25].  This layer restricts transcellular and paracellular molecule permeability 

or movement of molecules between or through epithelial cells.  Disruption of the intestinal 

barrier is associated with bacterial, parasitic, and viral infestation and inflammatory and 

autoimmune conditions, including food allergy, celiac disease, diabetes, and IBD or IBS 

[50].  The intestinal barrier can be adversely affected by acute or chronic stress, resulting in 

increased intestinal permeability [140].  This allows bacterial movement from the lumen into 

the lamina propria while also critically impairing other vital functions including absorption of 

nutrients and the transport of ions and water.  In addition, altering intestinal barrier function 

through increasing epithelial permeability can be a consequence of disease exacerbation and 

a primary etiologic predisposition factor for disease development [50].    

Psychological stress in an important cause of intestinal barrier injury, and is clinically 

linked to the severity and onset of GI disorders including IBS, infections diarrhea, and IBD 

[141-144].   MCs are activated in response to stress triggering increases in permeability of 

the gastrointestinal epithelium through unclear mechanisms [145].  MCs can be activated by 

several mediators produced in the stress response including CRF and adrenal glucocorticoids 

and thus can serve as an important effector cell mediating the effects of central stressors on 

intestinal mucosal barrier function [24, 78, 79, 146]
. 

A number of founding studies using rodent models first highlighted the impact of 

stress on healthy function of the GI tract.  Rats subjected to 4hr restraint or cold restraint 

stress (CRS) exhibited significantly elevated Isc levels associated with increased jejunal 

secretion of chloride ions [147].  While no structural changes were observed, stress also 
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increased intestinal permeability measured by flux, tissue conductance [147], and 

transcellular permeability [21].  Stress-induced barrier function was not observed in a similar 

study done in MC-deficient rats, suggesting that MCs are essential in the perpetuation of 

increased intestinal barrier function due to stress [23].  Intraperitoneal (i.p.) injection of CRF 

into rats mimicked the physiologic stress response seen through increased Isc and increased 

intestinal permeability of colonic tissues [21].  In this study, increased intestinal dysfunction 

brought on by CRF injection was abolished with i.p. injection of the MC stabilizing drug 

doxantrazole and the CRF receptor antagonist α-helical CRF(9-41) suggesting that MCs are 

involved in increased intestinal dysfunction due to stress and CRF.  Mild subchronic noise 

stress in rats showed increased epithelial endocytosis of horseradish peroxidase (HRP), and 

thus caused increased intestinal transcellular permeability [148].  Stress-induced increases in 

intestinal permeability were also abolished due to removal of the adrenal gland or blockade 

of glucocorticoid receptors [79].  All of these rodent models point to a powerful MC 

influence on the gastrointestinal barrier in stress-induced disease or psychological stress 

models.   

Recently, large animal models of early life stress have been used to highlight the role 

of the MC in the stress response.   Stress brought on by early weaning in pigs also causes 

increased barrier dysfunction, shown through increased intestinal paracellular permeability, 

decreased TER, and increased secretory activity, all of which were abolished by the CRF 

receptor antagonist α-helical CRF(9–41) [102].  Further, the intestinal barrier dysfunction 

observed in early weaned pigs is also mediated by intestinal MCs, as pretreatment with CS 

also abolished these changes [149].  Increased expression for CRF2 and CRF1 protein was 
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measured in early weaned pigs, as well as increased tryptase levels, which is indicative of 

enhanced mucosal MC degranulation.  These large animal models echo results found in 

rodent models of stress-induced disease and further exhibit the dependency of this response 

on MC activation.  Further, these large animal models provide a link between rodent studies 

and human clinical observations while offering an outlet for therapeutic studies.   

  

MC Mediators Effect Intestinal Barrier Function 

 The mechanisms of MC-mediated increases in intestinal permeability are 

incompletely understood. Although MCs release a variety products that can influence 

epithelial permeability under various physiologic and pathophysiologic circumstances, the 

exact MC mediators released upon stress that contribute to the decreased barrier function has 

not been characterized. However, several studies have demonstrated a role for select MC 

mediators playing a major role.   

MC tryptase, a preformed protease found almost exclusively in intestinal mucosal 

MCs, has the potential to affect the intestinal barrier [60] and has shown to be released in 

times of stress.  MC tryptase is increased in jejunum from stressed, early-weaned pigs in 

comparison to non-stressed, late weaned piglets [60]. In addition, MC tryptase has been 

shown to increase epithelial permeability in T84 colonic epithelial cells [145].  Tryptase may 

also have a role in intestinal inflammation as tryptase can upregulate adhesion molecules, 

increase vascular permeability, and increase fibroblast proliferation [150].  Jacob et al treated 

colonocytes with supernatants from degranulated MCs which led to a decrease in TER and an 

increase in macromolecular flux [145].  Tryptase inhibition significantly reduced the changes 
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in permeability that resulted from MC degranulation.  Colonic biopsies of IBS patients have 

shown significantly increased mucosal tryptase contents as well as a significant increase in 

spontaneous MC tryptase release compared to that of control biopsy tissue [100].  Mediators, 

including tryptase, released spontaneously from IBS patient colonic biopsies applied to 

dorsal root ganglia neurons increased neuronal firing more than that of mediators released 

from control colonic biopsies, leading to the conclusion that tryptase affects barrier function 

and neuronal signaling [101].   

Tryptase is a protease capable of affecting permeability in the intestine [145].Tryptase 

has been shown to activate protease activated receptor-2 (PAR-2) which is located on the 

apical and basolateral membranes of enterocytes [151].  MC tryptase-dependent increase in 

permeability has been shown to be mediated by activation of PAR-2 on the T84 cells, 

triggering tight junction breakdown and increased paracellular permeability [145].  Research 

in mice has shown that once activated, PAR-2 can increase paracellular permeability by 

activating myosin light chain kinase (MLCK), opening the tight junctions, and disrupting 

zona occludins-1 (ZO-1) [152]. Proteases that are released by MCs after activation and 

degranulation can signal to cells by cleaving protease-activated receptors (PARs) [145].  

PARs are a family of GPCRs, and PAR-2 specifically is located on the apical and basolateral 

membrane of intestinal epithelial cells [153].  Tryptase cleaves the basolateral PAR-2 

extracellularly within the N-terminus to expose a tethered ligand domain that irreversibly 

binds to and activates the cleaved PAR-2.  PAR-2 activation leads to membrane translocation 

of β–arrestin, which uncouples PAR-2 from the G-protein and mediates endocytosis [154].  

Beta–arrestin then forms a complex with PAR, which recruits ERK 1/2 and Raf proteins to 
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PAR-2 in endosomes, retaining ERK 1/2 in the cytosol [145].  Beta-arrestin-dependent 

activation of ERK 1/2, then, regulates the reorganization of perijunctional filamentous actin 

(F-actin) in the tight junctions of colonocytes, causing an increase in intestinal permeability 

[128, 145].  This mechanism may aid in the explanation of the increased intestinal 

permeability observed during stress (Figure 4).   

 TNF-α released by activated MCs also can initiate changes in epithelial permeability 

and barrier function [155]. MC TNF-α released during stress-induced disease is shown to 

potentiate increased ion secretion in intestinal epithelium [156].  TNF-α, shown to be 

upregulated in intestinal tissue, serum, and stool of patients with Crohn’s Disease (CD) [157-

159], mediates the increase in tight junction permeability through increased MLCK 

expression and activity [155].  MLCK activation is sufficient to increase paracellular 

permeability [160, 161] and is required for homeostatic tight junction barrier regulation in 

response to nutrient transport, inflammatory cytokines, and pathogenic bacteria [162].  

Activation of MLCK also alters macromolecule size and/or selectivity of the tight junction to 

increase paracellular flux of uncharged macromolecules [163].  MLCK inhibition has been 

shown to increase barrier function and stabilize tight junctional protein ZO-1 only when the 

ZO-1 has a functional actin binding region (ABR), demonstrating a critical role for ZO-1 

ABR in barrier function and the MLCK-dependent ZO-1 exchange [164].  In addition, 

increased TNF-α levels in vivo has recently shown to regulate intestinal epithelial tight 

junctions independent of the actomyosin ring [165].  Activation of MLCK via TNF-α 

signaling triggers caveolin-1 dependent endocytosis of occludin that could cause loss of 

barrier function.   Additionally, TNF-α induces an increase of tight junction permeability in 
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vitro through the activation of NF-κB and the subsequent downregulation and alteration of 

ZO-1 protein expression [155]. Lastly, TNF-α has been shown to decrease expression of 

claudin-1 and increase expression of claudin-2 in vitro downstream of NF-κB activation 

pathways [166].  While it has not been shown that CRF or stress are directly needed for MC 

dependent TNF-α release, MCs do store preformed TNF-α, can release TNF-α in stress-

induced disease, and that TNF-α can act synergistically with MC histamine to cause 

increased intestinal barrier dysfunction in vitro [156] (Figure 4).   

 Both stress and CRF treatment have been shown to increase MC histamine content in 

vivo [167] and increased histamine levels are seen in colonic biopsies of patients with IBS 

[100].  In these patients, biopsy tissue had increased release of histamine compared to that of 

controls, and when this released histamine is placed on dorsal root ganglion neurons, there is 

increased neuronal firing over that of control biopsy supernatant [101].  The increase in 

release of MC histamine due to stress has been shown to be a downstream affect of sensory 

neuron activation, as pretreatment with secretagogue capsaicin prevented increased histamine 

release in immobilization-stressed mice [168].   While the actual role of MC histamine in 

stress-induced disease is unknown, blockade of H1 histamine neural receptors prevents an 

increase in histaminergic neural activity seen in IBS patients [169].  In rats subjected to acute 

restraint stress, an increase in histamine content of resident intestinal mucosal MCs is 

observed that can be blocked by introcerebroventricular (icv) pretreatment with α-helical 

CRF(9-41) [167].  Histamine released from activated HMC-1 cells has been shown to 

increase flux of HRP in a T84 monolayer co-culture system, and though the histamine release 
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was due to peptidoglycan activation and not stress, this is direct evidence of histamine 

affecting barrier function [170].   

 NGF is produced by MCs, as well as other cell types, and has been shown to be 

involved in increased intestinal permeability [71].  Increased intestinal permeability brought 

on by neonatal maternal separation in rats was abolished by MC stabilizer treatment and an 

anti-NGF antibody, proving the role of MC NGF in increased intestinal barrier dysfunction 

due to stress.  Increased intestinal permeability caused by CRF and BRX-537A, a MC 

activator, was significantly decreased with the application of an anti-NGF Ab. Permeability 

was not completely restored to normal, non-stressed control, so other mediators may be 

involved in causing the increased permeability.   

 Other mediators, including chemokines and cytokines released by activated MCs, can 

also influence the intestinal barrier through the induction of epithelial apoptosis and 

stimulation of pore-forming claudin proteins, such as claudin-2 [171, 172].  For example, 

increases in IL-13 expression result in increased claudin-2 presence and increased 

paracellular flux [163].  IL-1β, a proinflammatory cytokine upregulated in stress related 

gastrointestinal disorders such as IBD [173],  acts on the intestinal barrier through activation 

of NF-κB and non-apoptotic increase in permeability [174]. Although these mediators can be 

released by activated MCs to effect barrier function, their release due to stress has yet to be 

demonstrated.  Thus, the exact role of these proinflammatory cytokines in stressed-induced 

intestinal disease remains to be elucidated.  Additionally, though MCs can store and release 

serotonin due to stress and a correlation is seen in increased MC number and increased serum 
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serotonin levels in IBS patients [175], the main cell type responsible for this upregulation of 

serotonin is thought to be intestinal enterochromaffin cells [176, 177].   

 Interestingly, studies show that functioning MCs actually help maintain baseline 

intestinal homeostasis through appropriate intestinal epithelial cell migration, morphology, 

and intestinal epithelial barrier function [50].  This provides evidence that MCs are beneficial 

for intestinal barrier function.  In this light, MCs are necessary for appropriate barrier 

function, but when activated, can have a powerful negative effect on intestinal barrier 

function.   

  

Diarrhea-Secretion 

Maintaining appropriate fluid balance of ion and water secretion is essential to 

normal, healthy functioning large and small intestines [178], and the capacity for high water 

and ion secretion serves as an intestinal defense mechanism for the flushing out of pathogens 

to prevent mucosal adhesion [179].  In the intestine, water moves passively at the epithelial 

level through active transport mechanisms on villus epithelial cells by sodium and secretory 

crypt cells via chloride [178].   

Stress is known to affect normal secretory pathways in the gut.  In humans, acute cold 

stress induces a chloride-related decrease in peak secretory response in women [180], while 

restraint stress in rats induces watery diarrhea [181, 182].  Exposure to either acute or chronic 

stress in rodents increases basal and stimulated Isc in the colon [183-185] as well as the ileum 

[184, 186] and is abolished by pretreating rats with peripheral non-selective CRF antagonists 

Astressin or α-helical CRF [21, 183, 185].  Intraperitoneal administration of CRF in rats 
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causes watery diarrhea with rapid onset [187] while both i.p. and chronic subcutaneous CRF 

administration increases basal colonic Isc [18, 183].  Intravenous (i.v.) injection of CRF 

causes a dose-dependent increase in secretory diarrhea and fecal fluid content in rats and is 

abolished by pretreatment with α-helical CRF [187].  CRF-induced diarrhea can be 

ameliorated through selective CRF1 antagonists [187] and reproduced by chronic peripheral 

administration of selective CRF1 agonist stressin1 and selective CRF2 ligand Ucn 3 [18], 

suggesting a role of both receptor subtypes in stress-induced secretory regulation.  This 

stress-induced increase in secretory activity is not observed in MC deficient rats [19, 23] or 

rats pretreated with α-helical CRF prior to water avoidance stress (WAS) [183, 188] and cold 

restraint stress [183].  Direct MC influence on increased secretory function in stress has been 

studied as colonic tissue pretreated with doxantrazole or from MC deficient rats do not 

exhibit changes in Isc following CRF treatment ex vivo [18, 21].  Taken together, this data 

suggests a direct role of the MC in stress induced intestinal ion secretion and diarrhea. 

PAR-2 activation by proteases, including MC tryptase, not only causes cytoskeletal 

rearrangement and opening of tight junctions, but also increased ion secretion in the intestine 

[189].  Activating PAR-2 with serosal agonist application in isolated rat jejunum segments 

caused increased Cl
-
 secretion through prostanoid formation, a process that is independent of 

enteric neuron influence [190].  In addition, stimulation of luminal PAR-2 in mouse colon 

causes increased paracellular permeability [191].  Activation of basolateral PAR-2 has shown 

to induce neurally dependent chloride secretion in humans and mice in vitro [192, 193].  The 

complexity of this system is only amplified as PAR-2 can be activated through multiple 

mechanisms with the influence of MC mediators released due to stress. 
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Motility and Visceral Hypersensitivity 

As stress is a major factor in the onset of diseases such as IBS, infectious diarrhea, 

and IBD [141-144], the role of the MC in the symptoms of these diseases has been 

investigated.  One of the most common gastrointestinal disorders, IBS, is primarily 

characterized by discomfort or pain and disturbed defecation that cannot be explained by 

structural or biochemical abnormalities [194].  Visceral hypersensitivity, or increased stimuli 

arising from the gut wall, is thought to contribute to abdominal pain or discomfort felt in 

some IBS patients [195].   

While the possible mechanisms involved in the altered sensory-motor function seen 

during IBS are not clearly understood, MCs could be mediating this response [100].  For 

example, an increased number of MCs have been detected in the colon and small intestinal 

mucosa of IBS patients [51, 101, 196-198] in close proximity to mucosal innervation [100, 

106, 199].  In addition to an increased number of MCs in the mucosa, there is an increase in 

the number of degranulating MCs in IBS patient mucosal biopsies [100].  These MCs, once 

activated, release mediators that can cause increased excitability of enteric and primary 

afferent neurons located in the gut wall, leading to visceral hypersensitivity and abnormal gut 

motor function [200-202].   

Tryptase and histamine are two major inflammatory mediators released during MC 

degranulation [13] that could play a role in increased visceral hypersensitivity and altered 

motor function.  Tryptase initiates internal cell signaling through selectively activating PAR-

2 located on enteric nerves and visceral afferents causing long-lasting neuronal 



 

30 

hyperexcitability [200-203]. In addition, histamine can also activate enteric and visceral 

afferents through activation of H1 or H2 receptors located on the neurons [204, 205].  

Interestingly, mucosal tryptase content measured higher in IBS patients, and MCs 

spontaneously released both more tryptase and histamine when compared with control tissue 

[100].  Blocking the activity of MCs in patients with IBS using a MC blocker, ketotifen, 

significantly reduced abdominal pain [206]. Mediators released from human intestinal 

mucosal biopsies of IBS patients, when applied to rat visceral sensory neurons, significantly 

increased neuron firing and stimulated Ca
2+

 mobilization in dorsal root ganglia [101].  The 

majority of the neurons responsive to IBS mediators were capsacin-sensitive, and known to 

mediate nocioception.  This response was also inhibited with both H1 histamine receptor 

blockade, serine protease inactivation [198], and 5-HT3 serotonin receptor antagonist [112].  

Taken together, this data indicates that intestinal MC infiltration and release of mediators, 

including tryptase and histamine, in close proximity to mucosal innervation could contribute 

to visceral hypersensitivity in patients with stress-induced gastrointestinal disease.   

Both psychological stress and peripheral CRF administration can affect motility 

patterns in the intestine [178].  Clinically, injection of CRF systemically causes increased 

human colonic motility more prominently in IBS patients than healthy controls [207] as well 

as increased colonic transit and defecation in rats [208, 209].  Acute psychological stress in 

humans [210] and restraint or water avoidance stress in rodents are widely known to cause 

increased colonic transit [211].  In contrast, stress shows an inhibitory effect on the ileum in 

rabbits [212] and rats [213].  Studies also show that CRF receptors have a differential effect 

on motility patterns, as activation of CRF1 by CRF or UCN1 increases colonic motility in 
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rodents [211] and activation of CRF2 results in the inhibition of ileal contractions [33, 214].  

These responses can be blocked with CRF receptor antagonists including α-helical CRF(9-

41) or Astressin, as both block or attenuate increased colonic transit and fecal pellet output 

induced by acute physical or psychological stress [208, 215, 216]. 

 

Mucus Secretion 

Proper function of the intestinal barrier also requires the intact mucus layer  covering 

that strengthens the mechanical epithelial barrier [217].  The intestinal epithelium protects 

against stress and invasion of microbes through the productions of mucins and trefoil factors 

[218].  There are two main classes of mucins, including secreted gel-forming mucin and 

membrane bound mucin [219].  These mucins are produced by intestinal goblet cells, which 

are specialized epithelial cells [220].  In rat small intestine, mucin type 2 (Muc2) is 

predominantly expressed as secretory mucin produced by goblet cells; whereas mucin type 3 

(Muc3) is majorly membrane bound, detected in enterocytes and goblet cells [221, 222].  The 

importance of an intact mucus lining in the gastrointestinal tract is well supported, as Muc2 

knockout mice develop severe colitis after harmful stimuli and present bacteria in the 

normally sterile colonic crypts [217].   

Human studies also provide evidence of the relationship between stress-induced 

gastrointestinal diseases and mucus production.  Adult IBD patients have shown reduction of 

mucus layer causing increased exposure to microbes to the gut immune system, sustaining 

inflammation [223].  In a study involving 61 adolescent IBD patients, colonic mucosal 

biopsies showed a mucus layer approximately three times thinner than normal samples [224].  
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This data, taken together, suggests a direct link between stress-induced gastrointestinal 

disease onset and decreased mucus lining. 

Stress has been shown to directly affect mucus secretion, goblet cell number, and the 

mucus lining in the intestinal tract.  Restraint stress in rats has shown to significantly increase 

mucin release, goblet cell depletion as well as mRNA for rat MC protease II (RMCPII), 

prostaglandin E2 (PGE2), and cyclooxygenase-2 (COX-2) from colonic mucosal explants 

[216].  These stress-associated changes were reproducible with injections of CRF in 

nonstressed rats, while pretreatment of rats with MC stabilizer drug lodoximide ameliorated 

these affects.  The specific influence of the MC on the mucin stress response was 

investigated in a study comparing MC deficient mice to normal mice under restraint stress 

conditions, finding that stress stimulated colonic mucin release and goblet cell depletion in 

normal but not MC deficient mice [225].  Stress-induced depletion of goblet cells and 

increased mucin release has also been observed in stressed WT rats but not Ws/Ws rats 

[186].  In acute environmental stress in rats, goblet cell activation and rapid mucin release 

were observed, which would function to increase barrier properties and provide a degree of 

protection to the epithelium [226].   

 

Bacterial Attachment 

Proper function of the intestinal barrier in host defense is also disrupted by stress.  

Maternal separation stress (MS) has been shown to cause a colonic barrier defect in intestinal 

host defense against microbes in comparison to non-stressed rodents [227].  Electron 

microscopy showed bacteria penetrating between and through colonic epithelial cells, and an 
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increase in the appearance of organisms in the mucosa.   Significantly more colony forming 

units (CFUs) were observed in MS animals than control, and these bacteria were also seen 

translocating into other tissues, such as the spleen.   

In studies involving MC deficient rats (Ws/Ws), stress does not induce increased 

bacterial attachment and interaction with the intestinal epithelium [186].  Stressed wild type 

rats showed increased bacterial-epithelial cell contact, including bacteria attaching and 

penetrating into enterocytes with epithelial cells undergoing cytoskeletal actin 

polymerization and rearrangement, while Ws/Ws rats or non stressed controls failed to 

exhibit these changes.  Increased ultrastructural changes in enterocytes, such as enlarged 

mitochondria and autophagosomes, were also associated with bacterial adhesion and 

penetration.  As these changes in host defense were not associated with Ws/Ws or non-

stressed animals, both stress and MCs could play a role in increased bacterial attachment.  

Peripheral CRF administration in rats, mimicking the stress response, also causes 

abnormal bacterial attachment and penetration into the mucosa, whereas MC deficient mice 

showed no abnormal bacterial activity [18].  CRF WT treated rats exhibited bacteria adhering 

to the surface of colonocytes and penetrating into the epithelium, while not in vehicle and 

non-stressed controls.  As these results are similar to those seen in MS [227] or WAS, this 

suggests that CRF can adversely affect the relationship between resident bacterial microflora 

and host [18] and this effect if mediated via MCs.  This response is also not due to increased 

glucocorticoids in circulation due to stress, as the subcutaneous placement of coritcosterone 

alone has not shown any affect on bacterial translocation [228].   
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IV.  Conclusion 

 MCs are able to collect information from multiple signals, detect noxious and 

antigenic threats, and generate or amplify signals that influence intestinal function [15].  It is 

shown that MCs receive and give signals to and from neurons in the gut, degranulate to 

release multiple mediators, and influence intestinal permeability and secretion due to stress.  

CRF is known as the main stress peptide involved in this pathway [18], but evidence also 

points to neural signaling also being heavily involved in the intestinal response to stress, as 

well as signaling from neuroimmune mediators.  Even with all of this information, many 

holes exist in this proposed mechanism of MC influence on intestinal dysfunction.   The 

specific pathway of CRF binding to CRF receptors on the MC to cause degranulation is still 

unclear.  The roles of CRF1 and CRF2 on increased intestinal permeability and secretion are 

conflicting, and until this pathway is carefully dissected, correct manipulation of this system 

will still be unavailable to researchers.  It is also exceedingly important to clarify the 

downstream signaling mechanism of CRF1 and CRF2 in the stress response, as seemingly 

different roles of these receptors cause functional differences in the intestine’s response to 

stress.  In addition, there have been no whole-system studies involving the localization of a 

full range of neurotransmitters in the context of nerves associated with MCs or broad 

spectrum assays on products released from MCs activated by stress.  This information will be 

vital to the determination of the pathway of activation of MCs and enteric neurons in 

response to stress, as well as potential opportunities for therapeutic prevention of stress-

induced disease.  Even with all of these areas available for future research, the MC is clearly 

participating in the increase in intestinal dysfunction in response to stress (Figure 5).  Small 



 

35 

animal studies, knockout and knockdown studies, large animal models, and results from 

human biopsy studies all point to the MC being a potent, influential, and necessary cell in the 

intestinal response to stress.  Further research in this complex area will provide possibilities 

for clinical applications of this data in treatment of human and animal disease.      
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Figure 1:  MCs in the intestine are located proximal to mucosal surfaces and can respond to 

various stimuli.  A)  These MCs contain preformed and can de novo synthesize mediators, 

being located proximal to mucosal surfaces can allow MCs to profoundly affect epithelial 

homeostasis.  B) MCs are able to respond and degranulate to a variety of stimuli.  Stress has 

been shown to cause MC degranulation, similar to that of FCεRI –mediated degranulation 

events, downstream of activation of the HPA axis.  C) Immunofluorescence images of 

Tryptase (Cy3) and MC porcine cKIT (FITC) show colocalized mucosal mast cells directly 

adjacent to porcine ileal epithelium.  Arrows indicate mucosal MCs.   
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Figure 2:  CRF1 and CRF2 signal through complex signaling mechanisms.  These receptors 

can bind to CRF and other CRF family peptides, such as Ucn or Ucn 2, and the downstream 

signaling affects of ligand binding create potent physiological changes.  CRF receptors are 

Gαs-coupled GPCRs that regulate the activation of adenylyl cyclase (AC) and subsequent 

increases in the second messenger cAMP.  CRF1 activation has been reported to also signal 

through a Gαs-coupled CRF1, leading to a Gβγ- and MAPK-dependent increase in CREB 

phosphorylation.  Interestingly, CRF2 signaling results in intracellular cAMP levels through 

activation of the Gαs- AC pathway and increased ERK1/2 phosphorylation through PKA and 

Epac-dependent pathways as well as involvement of PI3-K pathways, which lead to 

downstream Ca
2+

 influx via PLC, IP3 signaling, and Ca
2+

 channels in the plasma membrane.  

In addition, recent research shows that CRF2 might inhibit CRF1 signaling through cAMP 

blockade, proposing that CRF2 might in fact regulate CRF1 activity via cAMP.   
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Figure 3:  MCs and neurons are found in close association with each other and communicate.    

A) Immunofluorescence staining of bone marrow MC and primary culture of murine dorsal 

root ganglion neurons revealing neurons forming connections around resident tryptase-

positive MCs (inset).  FITC labeled PGP 9.5 indicates neurons while Cy3 labeled MCPT 4, a 

murine tryptase-like protease.  B) Complex communication between MCs and the autonomic 

neurons, with excitatory impulses in stress originating from the parasympathetic system and 

the sympathetic neurons being mainly inhibitory on MC activation and function.   
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Figure 4:  Proposed mechanism of tryptase and TNF-α on the maintenance of intestinal 

barrier function.  Tryptase has been shown to activate protease activated receptor-2 (PAR-2).  

PAR-2 activation leads to membrane translocation of β–arrestin, which forms a complex with 

PAR-2 and ERK 1/2, resulting in the reorganization of perijunctional F-actin in the tight 

junctions of colonocytes, and subsequent increase in intestinal permeability.  TNF-α mediates 

the increase in tight junction permeability through increased myosin light-chain kinase 

(MLCK) expression and activity triggering caveolin-1 dependent endocytosis of occludin.   

Additionally, TNF-α activates the NF-κB pathway, which downregulates ZO-1 protein 

expression. Lastly, TNF-α has been shown to increase expression of claudin-2 in vitro 

downstream of NF-κB activation pathways.   

 



 

43 

 



 

44 

 

 

 

 

 

 

 

 

Figure 5:  The MC is clearly participating in intestinal dysfunction in response to stress.  

Activation of the MC leads to increased barrier dysfunction and paracellular permeability due 

to released MC mediators including tryptase, TNF-α, histamine (H), IL-1β, and IL-13 

through multiple signaling pathways.  MC activation leads to increased secretory activity 

downstream of prostanoid formation and increased Cl- secretion, as well as increased 

bacterial attachment, indicative of impaired host response, and altered mucus production.  

Overall, the MC is a potent influence on intestinal physiology due to stress. 
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Abstract 

 

Psychological stress is a predisposing factor in the onset and exacerbation of 

important gastrointestinal diseases including irritable bowel syndrome and the inflammatory 

bowel diseases. Our previous studies demonstrated that stress induced disturbances in 

mucosal barrier function via by intestinal CRF receptor activation.  The objective of this 

study was to investigate the role of CRF receptor subtypes CRF1 and CRF2 in intestinal 

barrier dysfunction.  Porcine ileum was mounted on Ussing Chambers and exposed to 

selective CRF1 and CRF2 agonists.  Mucosal-to-serosal flux of 4 kDa-FITC dextran (FD4) 

and transepithelial electrical resistance (TER) were recorded as indices of intestinal barrier 

function.  Exposure of porcine ileum to the CRF1/CRF2 agonist CRF increased (p < 0.01) 

paracellular flux of FD4 compared with vehicle control.  The CRF1 agonist Stressin1 induced 

the greatest FD4 flux (p < 0.05) across porcine ileum among all treatments. In contrast, the 

CRF2 agonist Ucn2 increased TER (p < 0.05) and reduced FD4 flux (p<0.05). Furthermore, 

Ucn2 partially inhibited Stressin-1 mediated increases in FD4 flux.   CRF1 and CRF2-

mediated changes in intestinal barrier function were abolished with pre-treatment with the 

mast cell (MC) stabilizer cromolyn sodium (10
-4

M). Specifically, CRF1-mediated intestinal 

barrier dysfunction was inhibited by pretreatment of tissues with anti-TNF-α neutralizing 

antibody (p<0.01) and protease inhibitors (p<0.01).  Tetrodotoxin (TTX) blocked MC 

degranulation and CRF1- and CRF2-induced changes in barrier function (p<0.05). Overall, 

these data demonstrate CRF1 mediates intestinal barrier dysfunction while CRF2 mediates 

intestinal barrier protection, both via neuronal-mast cell dependant pathways.   
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Introduction 

 

The gastrointestinal barrier, consisting of enterocytes, mucus layer, and immune cells, 

separates the intestinal lamina propria from an immense antigen load, resident bacteria, and 

invading viruses found in the lumen [229].  The intestinal barrier can be adversely affected 

by acute or chronic psychological stress, resulting in increased intestinal permeability [19, 

60, 140, 230, 231] which is a critical event in the onset of clinical symptoms of GI disorders 

including irritable bowel syndrome (IBS) and inflammatory bowel disease [141-144].  Stress-

induced intestinal barrier injury allows bacterial movement from the lumen into the lamina 

propria while also critically impairing other vital functions including absorption of nutrients, 

transport of ions, secretion [18, 232], motility, and visceral hypersensitivity [233, 234].  The 

precise mechanism of stress-induced intestinal barrier dysfunction remains poorly 

understood, it may be mediated by activation of  corticotropin-releasing factor (CRF) 

receptors by CRF itself or similar ligands [78].   

CRF is a 41 amino acid peptide, produced in the central nervous system and 

peripheral tissues [37, 235].  CRF activity is mediated by activation of specific seven 

transmembrane G-protein coupled receptors (GPCRs) known as CRF1 and CRF2; however 

the exact role of CRF receptor subtypes in the regulation of intestinal barrier function is not 

well understood. Previous research in rodents, using selective CRF1 or CRF2 antagonists, 

showed that CRF2, but not CRF1, was responsible for CRF-mediated increases in 

transcellular HRP flux [18]. CRF1 has been shown to mediate increases in intestinal 

paracellular permeability in rats subjected to neonatal maternal deprivation stress [71].  We 
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previously showed in a porcine model of early weaning stress that blockade of CRF2 with 

systemic administration of the CRF2 antagonist exacerbated stress-induced intestinal barrier 

dysfunction [236] while dual blockade of CRF1 and CRF2 ameliorated barrier injury 

suggesting that CRF1 and CRF2 may have divergent functions in the regulation of intestinal 

epithelial barrier function in response to stress.  The functional roles and mechanisms by 

which CRF1 and CRF2 regulate intestinal epithelial barrier function remain to be fully 

elucidated. 

Mast cells (MCs), mainly known for their participation in allergic histamine response 

to exogenous antigens, play an important role in the intestinal mucosal response to stress and 

thus are recognized as the key effector cells that mediate stress-induced disease [23, 100, 

233, 237, 238].  Mast cells express CRF receptors [239, 240] and have been shown to be 

activated by CRF receptor ligands and by psychological stress.  Upon activation, MCs are 

capable of releasing a variety of pro-inflammatory mediators, including de novo synthesized 

mediators such as prostaglandins, leukotrienes, and cytokines or preformed granule-housed 

mediators including histamine, serine proteases, tryptase, chymase, and cytokines [241], 

which profoundly influence intestinal epithelial barrier function.   The objectives of the 

present study are to 1) determine the individual role of intestinal CRF1 and CRF2 in CRF-

mediated breakdown in barrier function and 2) elucidate the mechanisms by which CRF 

regulates intestinal barrier function.  



 

50 

Materials and Methods 

 

Animals and intestinal tissue collection. The North Carolina State University Institutional 

Animal Care and Use Committee approved all studies. Yorkshire x Hampshire cross-bred 

pigs of either sex and between 6-8 weeks of age were used in this study.  Prior to 

experiments and tissue harvest, pigs were sedated with a combination of xylazine (1.5 mg 

im) and ketamine (11 mg/kg im) followed by euthanasia with an intravenous overdose of 

pentobarbital via a catheterized ear vein. Initial sedation was used to minimize stress before 

we obtained intestine for subsequent intestinal studies. Segments of ileum were harvested 

immediately after euthanasia and prepared for Ussing chamber studies.  

 

Ussing chamber experiments. Ileal mucosa was stripped from the seromuscular layer in 

oxygenated (95% O2-5% CO2) Ringer solution (in mmol/l: 154 Na
+
, 6.3 K

+
, 137 Cl

−
, 0.3 

H2PO4
-
, 1.2 Ca

2+
, 0.7 Mg

2+
, 24 HCO3

−
; pH 7.4). Tissues were then mounted in 1.13 cm

2
 

aperture Ussing chambers, as described in previous study [60, 242]. Tissues were bathed on 

the serosal and mucosal sides with 10 mL of Ringer solution. The serosal bathing solution 

contained 10 mM glucose, which was osmotically balanced on the mucosal side with 10 mM 

mannitol. Bathing solutions were oxygenated (95% O2-5% CO2) and circulated in water-

jacketed reservoirs maintained at 37°C. The spontaneous potential difference (PD) was 

measured using Ringer-agar bridges connected to calomel electrodes, and the PD was short-

circuited through Ag-AgCl electrodes using a voltage clamp that corrected for fluid 

resistance. Tissues were maintained in the short-circuited state, except for brief intervals to 
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record the open-circuit PD. Transepithelial electrical resistance (TER; Ω·cm
2
) was calculated 

from the spontaneous PD and short-circuit current (Isc), as previously described [243]. After a 

30-min equilibration period on Ussing chambers, TER was recorded at 15-min intervals over 

a 4-hr period and then averaged to derive the basal TER values for each experimental 

treatment. 

 

Mucosal-to-serosal fluxes of FITC-labeled Dextran.   

Mucosal-to-serosal fluxes of (FITC)-dextran (4 kDa; Sigma-Aldrich, St. Louis, MO) were 

performed at the same time as TER was measured. After a 15-min period on Ussing 

chambers, FITC Dextran (0.25 mM) was added to the mucosal side of Ussing chamber-

mounted tissues. The FD4 was allowed to equilibrate for 15 min after which 100 μL samples 

(in triplicate) were taken from the serosal side of tissues at 30-minute intervals and 

transferred into a 96 well assay plate. The presence of FD4 fluorescence intensity of each 

sample was measured by fMax Fluorescence Microplate Reader (Molecular Devices, 

Sunnyvale, CA) and concentrations were determined from standard curves generated by 

serial dilution of FD4.   Data for FD4 flux were presented as µg FD4/min.   

 

Ex vivo CRF receptor agonist experiments.  Ileal tissues were exposed to selective agonists 

and antagonists of CRF receptors (J.E.F. Rivier, The Salk Institute, La Jolla CA).  

Experimental treatments included vehicle control (saline), CRF (CRF1/2 agonist, 0.5 μM), 

Ucn2 (CRF2 agonist, 0.1 μM), Stressin1 (CRF1 agonist, 2 nM), Astressin B (CRF1 and CRF2 

antagonist, 1 μM), and Astressin2B (CRF2 antagonist, 1 μM).  Dose of CRF, Astressin B, and 
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Astressin 2b were determined in dose response studies and dose causing maximal affect used 

(data not shown).  Following treatments, TER and FD4 flux were measured over a 180-min 

period on Ussing chambers.  

 

Ex vivo MC experiments.  

Porcine ileal tissues were pretreated with blockers of MC activity and specific mediator 

release +/- CRF agonists. MC treatments included cromolyn sodium (Sigma, 10
-4

 M); 

porcine anti-TNF-α neutralizing antibody (Sigma, 10 µg/mL); and a protease inhibitor 

cocktail containing the chymase inhibitor Soybean Trypsin Inhibitor (100 µg/mL) and the 

tryptase inhibitor Aprotinin (Sigma, 10 µM). As a positive control for MC degranulation, 

compound 48/80 (5 μg/mL) was added to the serosal side of tissues. The affect of MC 

activation on barrier function was assessed through measurement of TER and FD4 fluxes 

according to protocols described above.  

 

Neural Blockade Experiments. 

Porcine ileal tissues were pretreated with blockers of neuronal activity +/- CRF agonists. 

Tetrodotoxin (Sigma, 10
-7

M) was applied serosally for 45 min before CRF receptor agonist 

treatment for the assessment of intestinal mucosal barrier function on Ussing chambers. 

 

Histological examination. Ileal tissues fixed in 10% neutral buffered formalin, paraffin-

embedded , and stained with hematoxylin and eosin for histological analysis. Tissues were 
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visualized for changes in intestinal pathology as a result of CRF agonist treatments (Meiji 

Microscope Solutions, Model OMFL400). 

 

Mast cell histological analysis counts.  

Frozen sections of ileum (10 μm thick) were prepared and then fixed for 1 h in Carnoy's 

fixative (60% ethanol-30% chloroform-10% glacial acetic acid). Sections were then stained 

for 45 min at room temperature with 0.5% toluidine blue in 0.5 N HCl in PBS. Sections were 

then viewed at ×20 objective, and MCs were evaluated as either stable, piecemeal activated, 

or degranulated. MC counts were conducted on five different fields per slide and 2 slides per 

treatment group.  Data is presented as percentage of MCs displaying each of the activity 

categories described above.  All cell counts were performed reviewer who was blinded to 

experimental treatments.  

 

TNF-α  ELISA.  

Supernatant obtained from the serosal bathing solution of Ussing Chambers was collected at 

time 240 min (end of experiment) for  analysis of TNF-α using a commercial ELISA kit 

(R&D Systems) according to manufacturer's instructions.  Samples were frozen immediately 

upon removal from Ussing Chamber and stored at -80°C until assay.   

 

Tryptase assay of gut culture supernatant 

Ileal segments weighing 0.05g were dissected into small fragments, weighed, and placed into 

24 well culture plates with cRPMI + 0.5% gentamicin.  Tissues were incubated with CRF 
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receptor agonist treatments for 4hrs before supernatant was removed, centrifuged, and stored 

at -20°C until assay. Supernatant samples were analyzed for tryptase content using 

Thiobenzyl Ester Substrate assay as previously described [244].   

 

Immunofluorescence and confocal analysis 

Porcine ileal sections were stained with labeled primary antibodies as indicated. Confocal 

images were obtained with a 3-Laser Nikon Confocal Laser Scanning Instrument (Nikon 

Instruments). Images were obtained using EZ-C1 Nikon software (Silver Version 2.01). 

Threshold values were determined using the appropriate isotype-matched controls. A channel 

series approach was used to ensure no spectral overlap between fluorescent signals. Primary 

antibodies include occludin(mouse-anti-occludin, Invitrogen), cKIT(mouse anti-pig, MC 

CD117, AbD serotec) or Tryptase (rabbit-anti-tryptase, Santa Cruz), 1:1000.  Secondary 

antibodies used include Fab-antibodies, Jackson Labs Inc (donkey-anti-rabbit Cy3 and 

donkey-anti-mouse FITC), 1:1000.  Nuclei were visualized with To-Pro-3 iodide 642/661 

(Invitrogen) 1:1000.   

 

Statistical analyses.  

Data are reported as means ± SE based on the experimental number (n). Data were analyzed 

by using a standard one-way ANOVA (Sigmastat, Jandel Scientific, San Rafael, CA). A post 

hoc Fisher’s least significant difference (LSD) test was used to determine differences 

between treatments following ANOVA. For time course experiments on Ussing chambers, 
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repeated-measures ANOVA was employed.  MC counts were analyzed using Mann-Whitney 

test, and differences considered significant if p<0.05.   
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Results 

 

Influence of CRF on porcine ileal intestinal barrier function.   

 In previous in vivo studies, we demonstrated that early weaning stress triggered 

intestinal barrier dysfunction via activation of peripheral CRF receptors [60].  In initial 

experiments, we tested whether we could recapitulate our in vivo findings in an ex vivo 

Ussing chamber system and thus study the role of intestinal CRF signaling in isolated 

intestinal tissues.  Porcine ileal intestinal segments from healthy pigs were mounted on 

Ussing chambers and treated with CRF (0.5µM). CRF induced increases (p<0.01) in 

mucosal-to-serosal FD4 flux and short circuit current (Isc) (Figure 1B-C); however no 

significant effects were observed with regards to TER (Figure 1A). Pretreatment with the 

CRF receptor antagonist, Astressin B, prevented the increase in FD4 flux and Isc confirming 

our in vivo findings (Figure 1A & B). Moreover, histological analysis revealed intact 

intestinal epithelium with no marked alteration in morphology in CRF-treated tissues 

indicating barrier dysfunction was due to alterations of the paracellular flux pathway (Figure 

1D-F) and not a result of epithelial loss. Overall, these data demonstrate that CRF induced 

significant deleterious changes to intestinal epithelial barrier function in the ex vivo model 

that recapitulate our previous in vivo studies.   

  

CRF1 and CRF2 mediate divergent functions in ileal epithelial barrier dysfunction.   

 To further elucidate the specific roles of CRF1 and CRF2 in regulation of intestinal 

epithelial barrier function in the porcine ileum, ileal mucosa was treated with selective 
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agonists of CRF1 and CRF2 and barrier function was measured over a 180 minute period.  As 

demonstrated in our previous experiments, CRF caused significant elevations in FD4 flux 

and Isc compared with vehicle-treated control (Figure 2A-D). The CRF1 agonist, Stressin1, 

triggered marked reductions in TER, increases FD4 flux, and increases in Isc that were greater 

in magnitude compared with all other treatments (Figure 2 A-D). In contrast, ileum treated 

with CRF2 agonist treatment exhibited elevations in TER (p<0.05), significant reduction in 

FD4 flux (p<0.05), and no change in Isc compared will all other treatments (Figure 2A-D).  

Histological analysis revealed these changes were due to alterations in the paracellular 

pathway (data not shown) and IF analysis of occludin localization confirmed barrier function 

data in that CRF and Stressin1 resulted in disrupted occludin immunofluorescence patterns at 

the level of the tight junction (Figure 2E). 

Given the CRF2 activation stimulated improvements in baseline intestinal barrier 

function, we hypothesized that CRF2 plays an important protective role in regulating 

epithelial barrier function during the CRF-mediated stress response and that inhibition of 

CRF2 would exacerbate intestinal barrier injury in the presence of CRF. In line with this 

hypothesis, pretreatment of porcine ileal mucosa with the CRF2 antagonist Astressin2B, prior 

to CRF exposure, augmented FD4 flux and Isc compared with CRF treatment alone (p<0.01) 

(Figure 3A-C).  Furthermore, activation of both CRF2 and CRF1 simultaneously with Ucn2 

and Stressin1, respectively, diminished the effects of Stressin1 on TER and FD4 to that of 

CRF activation alone (data not shown). Together, these data indicate that the barrier 

protective role of CRF2 involves 1) stimulation of baseline barrier function properties and 2) 
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inhibition of CRF1-mediated deleterious effects. This homeostatic response is required to 

regulate the degree of barrier dysfunction that occurs in response to CRF signaling.  

  

Mast Cell activation is required for CRF-mediated regulation of gut barrier function.   

In our previous studies, we demonstrated that intraperitoneal administration of the 

MC stabilizer drug Cromolyn Sodium (CS) to pigs ameliorated stress-induced increases in 

intestinal barrier dysfunction [149] thus demonstrating the central role of the mast cell in 

stress-mediated intestinal dysfunction. We next sought to determine if CRF1 and CRF2 

mediated their opposing influences on intestinal barrier function in the porcine ileum in a 

MC-dependent process.  Pretreatment of tissues with CS prior to CRF receptor agonist 

treatment abolished CRF- and Stressin1-mediated increases in FD4 flux and Isc, as well as 

Stressin1-mediated decreases in TER (Figure 4A-G).  Remarkably, CS pretreatment also 

abolished (p<0.001) the beneficial properties of Ucn2 on TER and FD4 flux (Figure 4 A-C). 

The MC degranulating c48/80, which was used as an index of anaphylactic type 

degranulation, induced reductions in TER and increased FD4 flux (p<0.05). Interestingly, 

activation of CRF1 alone with Stressin1 caused significantly higher (p<0.05) FD4 flux 

compared with c4880 treatment indicating that CRF1 alone caused a more potent barrier-

disrupting response than an anaphylactic type degranulation event (Figure 4D). Histological 

evaluation of MC activation with CRF receptor agonists revealed that CRF1 and CRF2 

agonists triggered MC degranulation (p<0.05) (Figure 5B), however, quantification of 

degranulated MCs revealed less MC activation in Ucn2-treated tissue (Figure 4C, p<0.05).  

Interestingly, Stressin1 activation of CRF1 caused a significantly higher (p<0.05) amount of 
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cells that were completely degranulated as well as significantly (p<0.05) less cells that were 

piecemeal degranulation, whereas activation of both receptors with CRF caused significant 

degranulation and piecemeal release, suggesting that activation of CRF1 causes a higher 

degree of degranulation than simultaneous activation of both receptors (Figure 5A).  

Cromolyn treatment prevented MC degranulation within all treatment groups confirming the 

role of MC degranulation in the effects CRF receptor-mediated regulation of barrier function 

(Figure 4D and 5B).  Overall, these data show for the first time that both deleterious and 

protective properties mediated via CRF1 and CRF2 are mediated in a MC-dependent manner.  

 

Activation of CRF1 causes release of MC-derived TNF-α and tryptase in the porcine 

intestine.   

Activation of CRF1 was shown to be responsible for mediating CRF-induced 

intestinal barrier dysfunction; however the exact mechanisms have not been determined.  

Since our data provides evidence for the necessity of MC degranulation, we aimed to 

determine which MC mediators might contribute to CRF-induced barrier dysfunction.   

Given that tryptase [60, 149] and TNF-α [155, 245, 246] have been shown to induce 

profound changes in epithelial barrier function, and that we have shown tryptase to be 

upregulated in intestinal tissues from stressed pigs [60], we focused on the role of these 

mediators in CRF-induced intestinal barrier dysfunction. Application of CRF and Stressin1 to 

porcine ileal mucosa stimulated the release of TNF-α (Figure 6A) and MC tryptase (Figure 

6B) measured at 180 min post-stimulation. Furthermore, TNF-α release was blocked by 

pretreating tissues with cromolyn suggesting that this cytokine was released in a MC 
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dependent manner.  CRF and Stressin1 appeared to stimulate similar levels of TNF-α but 

activation of CRF1 with Stressin1 induced a greater release of MC tryptase (p<0.01) 

compared with CRF.  CRF2 activation with Ucn2 did not influence TNF-α or MC tryptase 

release compared with controls.  Immunofluorescence (IF) images of ileal tissues treated 

with CRF and Stressin-1 show reduced co-localization of tryptase and c-kit, a membrane MC 

marker, compared with control and Ucn2 treated tissues confirming activation and release of 

tryptase from the MC (Figure 6C).     

 

Blockade of TNF-α and protease activity prevents CRF-induced gut barrier dysfunction. 

 To determine the functional consequences of TNF-α and MC tryptase in CRF 

receptor-mediated intestinal barrier dysfunction, we pre-treated ileal mucosa on Ussing 

chambers with porcine anti-TNF-α (Sigma) and a protease inhibitor cocktail prior to CRF 

receptor agonist treatment.  Anti- TNF-α and protease inhibitor cocktail both potently each 

abolished increases in FD4 flux (p<0.01) and reductions in TER (p<0.01) triggered by CRF1 

activation with Stressin1 (Figure 7A-B).  Interestingly, protease inhibition and blockade of 

TNF-α did not affect changes in Isc due to CRF receptor agonist treatment (data not shown) 

indicating that the secretory changes seen downstream of CRF1 activation are not due to 

these MC mediators.  This provides evidence for both proteases and TNF- α in CRF1-

mediated intestinal barrier dysfunction.   Anti-TNF-α and protease inhibitor cocktail did not 

inhibit barrier function changes induced by CRF2 (Figure 7A-B).  Thus, both TNF-α and 

proteases play a central role in the functional manifestation of CRF1 activation-induced gut 

barrier dysfunction.       
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Neuronal activity is required for CRF-induced gut barrier dysfunction. 

 Nerve-mast cell interactions have been a subject of interest as the precise factors that 

affect neuronal pathways and mast cell activation remains unknown [15].  We therefore 

aimed to test the involvement of neuronal signaling in the ex vivo model of CRF-induced gut 

barrier dysfunction.  Healthy porcine ileum was pretreated on Ussing chambers with the 

neuronal blocker, tetrodotoxin (TTX) [247].  TTX pretreatment to CRF1 or CRF2 activation 

blocked CRF and Stressin1 mediated increases in FD4 flux (p<0.01), increases in Isc 

(p<0.01), and reductions in TER (p<0.01) (Figure 8 A-C). Neuronal blockade also inhibited 

the increase in TER observed with CRF2 activation with Ucn2 (p<0.01).  Moreover, TTX 

treatment abolished changes in FD4 flux seen with CRF treatment (Figure 8 F-I).  

Histological evidence revealed that neuronal blockade with TTX prevented MC 

degranulation (Figure 8 D-E).  Taken together, this data provides evidence for the necessity 

of intact neuronal signaling for MC degranulation and CRF receptor dependent gut barrier 

dysfunction.  
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Discussion 

 

 The integrity of intestinal epithelium is critical for gut health and function [60].  

Psychological stress, whether it is acute or chronic in nature, has a profound negative effect 

on intestinal epithelial barrier function that results in increased bacterial uptake, motility 

disturbances, visceral hypersensitivity [60, 102, 105, 227, 248, 249]. Thus, breakdown in 

epithelial barrier function is a central event initiating the onset of clinical symptoms of stress-

associated disease such as IBS and IBD.  These studies, utilizing an ex vivo Ussing chamber 

model with porcine ileum, investigated the mechanisms by which the stress mediator, CRF, 

triggers breakdown of the intestinal epithelial barrier function.  These studies revealed novel 

aspects of CRF receptor subtype regulation of epithelial barrier function including: 1) CRF1 

and CRF2 exhibit opposing roles in the regulation of intestinal barrier properties with CRF1 

causing barrier dysfunction and CRF2 conferring novel barrier-protective properties; 2) 

intestinal barrier dysfunction and protection mediated by CRF1 and CRF2, respectively, are 

both mediated via intestinal MC activation; and 3) CRF1-mediated intestinal barrier 

dysfunction is mediated by MC derived mediators TNF-α and proteases.   

 The direct physiologic effect of CRF on intestinal barrier function is highly debated 

and conflicting results presented.  One group has shown CRF inducing no change in 

conductance and thus no change in TER [19]. However, there are potent CRF-induced effects 

in paracellular permeability.  Though this data seems conflicting, this may be due to 

activation of separate epithelial permeability pathways.  Studies are recently emerging 
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presenting multiple independently initiated permeability pathways, as TNF-α has been shown 

to initiate MLCK dependent changes in size selectivity of the tight junction to enhance 

paracellular flux of uncharged macromolecules without affecting charge, while IL-13 

dependent claudin-2 expression is shown to increase paracellular permeability to cation flux 

in vitro and in vivo without altering tight junction size selectivity [163, 165].  These ‘leak’ 

and ‘pore’ pathways, respectively, are quickly gaining evidence for differential regulation of 

paracellular permeability pathways [163, 250], and could explain the above data presenting 

large changes in paracellular permeability to uncharged ions but little changes in TER, as 

CRF-induced intestinal permeability caused increases in TNF-α release.  While studies 

providing chronic supplementation of CRF in rodents have reported increases in 

conductance, and thus decreases in TER in rodents [18], these studies examined chronic CRF 

treatment while this data only provides evidence of acute CRF application to the porcine gut. 

Therefore, the lack of change in TER post CRF treatment could also be explained due to the 

short period of time CRF was applied to the tissue.   Further studies will investigate the 

permeability pathway at work in CRF-induced increased in paracellular permeability.   

These data provide evidence for a divergent role of CRF receptor subtypes CRF1 and 

CRF2 in regulation of epithelial barrier function.  Previously, research indicated that 

peripheral CRF treatment of human colonic tissue on Ussing chambers caused increased 

transcellular permeability via MC CRF1 and CRF2 [239].  In addition, CRF2 has been 

identified as increasing paracellular permeability in WT rats treated with selective CRF2 

agonists [18], and that both CRF1 and CRF2 cause increased trancellular permeability to 
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similar degree in human colonic tissues [240].  In the present experiment, CRF1 and CRF2 

activation were shown to mediate their effects on paracellular permeability; however 

transcellular permeability was not measured. It is evident that the specific roles of CRF 

receptors with regards to different transport routes (paracellular vs. transcellular) across the 

intestinal epithelium are not fully understood.  In addition, all CRF receptor agonist 

treatments caused some degree of MC degranulation, while only CRF1 activation caused 

negative physiologic intestinal barrier changes.  Our group has described blockade of MC 

degranulation downstream of stress with CRF receptor antagonism [149], thus it is 

understandable that activation of CRF receptors causes MC degranulation.  Interestingly, 

only activation of CRF1 causes release of preformed mediators TNF-α and tryptase, both of 

which can affect the intestinal barrier.  Thus, CRF1 activation causes degranulation resulting 

released products TNF-α and tryptase while CRF2 activation does not.  Studies show that 

specific MC granules can contain specific mediators, and are released in a select manner.  

For example, histamine and serotonin have been shown to be housed in separate granules 

whose release is controlled by separate SNARE (SNAP (Soluble NSF Attachment 

Protein) Receptor) proteins [251].  Further research will provide evidence of specific 

granules released through differential receptor activation as well as downstream released 

products of CRF2 activation.   

The role of CRF1 in intestinal barrier disturbances has been demonstrated [252, 253], 

and is supported by above data, as CRF1 activation resulted in intestinal barrier dysfunction.  

Interestingly, the present experiments revealed evidence for a novel protective role for CRF2 

http://en.wikipedia.org/wiki/N-ethylmaleimide_Sensitive_Factor_or_fusion_protein
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in epithelial barrier function as 1) CRF2 activation increased TER and reduced FD4 flux , 2) 

blockade of CRF2 exacerbated CRF-mediated barrier dysfunction, and 3) activation of CRF2 

reduced Stressin-1 mediated intestinal barrier injury.  The exact reason for this dichotomy in 

CRF1 and CRF2 function is not entirely clear but may represent a control mechanism to limit 

intestinal injury when CRF concentrations are high.   In this hypothesis, activation of CRF2 at 

high concentrations as a result of high anxiety or psychological stress could prevent 

inordinate and irreparable damage as a result of stress while in situations of stress-induced 

disease, dysregulation of this response can cause worsened intestinal barrier dysfunction.   

 In the present study, CRF1 and CRF2 were shown to mediate their distinct influences 

on intestinal epithelial barrier function via a common pathway involving MC degranulation. 

Targeted activation of CRF1 triggered MC degranulation and the release of TNF-α and MC 

proteases that were shown to contribute equally to barrier dysfunction as anti-TNF-α and 

protease inhibitors prevented CRF1-mediated increases in paracellular permeability.  It is 

well-known that TNF-α and proteases can trigger epithelial barrier disruption although via 

different mechanisms, and both TNF-α and proteases have been shown to be released due to 

stress and regulate epithelial barrier function [254].  TNF-α released by activated MCs also 

can initiate negative changes in intestinal barrier function [155, 245, 255] and TNF-α can 

potently enhance epithelial permeability [155] through increased myosin light-chain kinase 

(MLCK) expression and activity [155] which alters size selectivity of the tight junction to 

increase paracellular flux of uncharged macromolecules [163]. In addition, increased TNF-α 

levels in vivo has recently been shown to regulate intestinal epithelial tight junctions 
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independent of the actomyosin ring [165] by triggering caveolin-1 dependent endocytosis of 

occludin that could cause loss of barrier function.   Additionally, TNF-α induces an increase 

of tight junction permeability in vitro through the activation of NF-κB and the subsequent 

down-regulation and alteration of ZO-1 protein expression [155]. MC proteases such as 

tryptase induce barrier dysfunction via alternate signaling mechanisms. [145]  In an in vitro 

cell co-culture model using a the HMC-1 human mast cell line and T84 intestinal epithelial 

cells, it was shown that MC derived tryptase impaired barrier function via activation 

proteinase-activated-receptor-2 (PAR-2) triggering tight junction breakdown and increased 

paracellular permeability [145]. This pathway was shown to involve  Β-arrestin-dependent 

activation of ERK 1/2, then, regulates the reorganization of perijunctional F-actin in the tight 

junctions of colonocytes, causing an increase in intestinal permeability [145], [128]. In 

summary, CRF1 triggers MC activation and release of TNF-α and MC tryptase that trigger 

intestinal epithelial barrier dysfunction. It is unclear why both neutralization of TNF-α and 

MC protease activity resulted in amelioration of CRF1-induced barrier dysfunction to similar 

degrees however, it appears that both TNF-α and MC proteases released upon CRF1 

activation can cause maximal damage to barrier function.  Little evidence exists of TNF-α 

and MC tryptase working together to damage intestinal barrier function, but as TNF-α [256] 

and tryptase [46] are prestored mediators in MC granules and up-regulated serum and tissue 

levels of both TNF-α and MC tryptase have been seen in pigs undergoing post-surgery 

systemic inflammatory stress, it is possible that both of these mediators are being released by 

MCs [256].  
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 CRF2-MC signaling was central to barrier protective effects.  Interestingly, Ucn2 

activation was shown to promote barrier function under baseline conditions while also 

limiting CRF1-mediated intestinal dysfunction. This suggests that CRF2 may play a dual role 

in barrier promotion and protection.  In these studies, CRF2 mediated its beneficial effects via 

MC degranulation, however unlike CRF1, tryptase or TNF-α were not released. The role of 

CRF2 in regulation of barrier function during stress could be a result of a different profile of 

MC mediators that promote barrier function. The role of CRF2-MC signaling has not been 

studied directly but MCs possess several mediators such as prostanoids, TGF-β, or anti-

inflammatory cytokine IL-10 that have been shown to positively influence barrier protection 

[257-260]. Given that Ucn2 limited Stressin1 mediated intestinal barrier dysfunction, CRF2 

could mediate its barrier protection via antagonizing the effects of CRF1.  There is evidence 

that in partial restraint stress, CRF2 physiologically counteracts the CRF1 mediated stress 

response of increased colonic motility, as well as CRF2 curtailing CRF1 activation via 

downstream blockade of cAMP production [68].  Given this recent data, it is possible that 

CRF2 activation is also antagonizing the destructive effects of CRF1-mediated intestinal 

stress response in the pig ex vivo model.   

 In the present study, enteric neural signaling was required for CRF1 and CRF2 

mediated intestinal barrier regulation as effects of each receptor activation were blocked by 

the nerve blocker, TTX. The exact mechanism by which enteric nerves influence CRF 

mediated barrier dysfunction remains unclear, while evidence points to nervous signaling 

being necessary in stress-induced intestinal barrier dysfunction [19, 249]. In our studies, TTX 
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blocked baseline and CRF1 and CRF2-induced MC degranulation.  This data provides 

evidence of neuronal control of MCs in permitting CRF mediated MC activation.  Nerve-

mast cell interactions have been a subject of interest as the precise psychological factors that 

affect neuronal pathways and mast cell activation remains unknown [15].  Multiple pathways 

could be involved in this communication, including vagal and spinal afferent neurons, 

parasympathetic efferent neurons, sympathetic post-ganglionic neurons, and second order 

intrinsic or enteric neurons.   For example, sympathetic postganglionic innervations are 

thought to create tonic inhibition of MC mediator release in the intestine [119] while 

parasympathetic vagal stimulation has been shown to cause an increase in the number or 

density of mast cells in the intestine, as well as increase the number of mast cells expressing 

serotonin or histamine in rat jejunum [119],[120]. The above data only provides further 

evidence of the communication between MCs and enteric neurons, not the nature or direction 

of the communication pathway.  The exact nature of enteric neuron-MC communication in 

CRF receptors mediated regulation of epithelial barrier requires further investigation. 

 This study presents novel findings on the elucidation of the roles of CRF1 and CRF2 

in CRF-induced intestinal dysfunction.  The data presented above provides conclusive 

evidence to the negative effects of CRF1 in intestinal barrier function through activation and 

blockade studies, while CRF2 shows evidence of protective action (Figure 9).  These findings 

in a large animal model present potential therapeutic possibilities to prevent stress-induced 

intestinal disease, but also further delineate the roles of these receptors, MCs, and released 

mediators in intestinal barrier dysfunction in response to stress. 
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Figure 1.  CRF causes increased intestinal barrier dysfunction ex vivo.  Healthy ileal tissues 

were placed on Ussing Chambers and treated with CRF (CRF1 & CRF2 agonist, 0.5µM) for 

180 minutes.  A) Activation of peripheral CRF1 and CRF2 does not affect TER B) 

significantly increases FD4 flux (p<0.01) and C) significantly increases Isc (p<0.05) over that 

of control tissue, indicative of intestinal barrier dysfunction.  H&E staining of ileal tissue 

post-180min CRF receptor agonist treatment of D) Control, E) CRF (CRF1 & CRF2 agonist, 

0.5µM), F) Ucn2 (CRF2 agonist, 0.1 µM), G) Stressin1 (CRF1 agonist, 2nM) reveals that the 

change in barrier function is not due to epithelial damage or cell loss, as all treatment groups 

still present intact epithelium and healthy crypt and villus ileal architecture (40x).  Values are 

means ± SE (n=6 pigs per CRF receptor agonist treatment) and groups indicated (*) 

significantly differ from other treatments (p<0.01) by ANOVA.   
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Figure 2:  CRF1 activation induces intestinal barrier dysfunction ex vivo, while CRF2 

activation may be protective.  A) Decreases in percent change of TER B) increases in 

paracellular flux with treatment of CRF1 agonist CRF and Stressin1, and D) increases in Isc 

with treatment of CRF1 agonist CRF and Stressin1indicative of increased gut barrier 

dysfunction.  Activation of CRF1 with Stressin1 causes gut barrier dysfunction greater than 

activation of both CRF1 and CRF2 with CRF, indicative that CRF1 is controlling the 

damaging effects of CRF in gut barrier dysfunction.  Ucn2 caused a significant decrease in 

FD4 flux, and caused an increase in TER.  Values represent means SE; n= 6 animals. 

Symbols (*,#,†) differ significantly by p<0.05 from other treatments by ANOVA.  C)  Time 

course of FD4 flux in CRF agonist treated tissues, values represent means analyzed by 

repeated measures ANOVA, and symbols (*,#,†) differ significantly by p<0.01 from other 

treatments.  D) Immunofluorescence of FITC-occludin expression in porcine ileum post CRF 

receptor agonist treatment reveals disrupted tight junctions post CRF1 activation.   
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Figure 3:  Blockade of CRF2 exacerbates intestinal barrier dysfunction.  A) Increased FD4 

paracellular flux with activation of ileal CRF1 with CRF indicative of increased gut barrier 

dysfunction.  Pretreatment of tissues with CRF2 antagonist Astressin 2b resulted in increased 

paracellular flux, significant over CRF treatment alone.  Values represent means SE; n= 6 

animals. Symbols (*,#) differ from other treatments by p<0.01.  B) Time course of FD4 flux 

in tissues pretreated with Astressin 2b, values represent means analyzed by repeated measures 

ANOVA, and symbols (*,#) differ significantly by p<0.01 from other treatments.    C) 

Increased Isc with activation of ileal CRF1 with CRF indicative of increased gut barrier 

dysfunction.  Pretreatment of tissues with CRF2 antagonist Astressin 2b resulted in increased 

Isc, significant over CRF treatment alone.  Values represent means SE; n= 6 animals. 

Symbols (*,#) differ from other treatments by p<0.05.   
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Figure 4:  Changes in barrier function due to CRF receptor agonist treatment are MC 

dependent.  A) Decreases in percent change of TER, B) increases in paracellular flux, and C) 

increases in Isc with treatment of the CRF1 agonist are ameliorated with tissue treatment of 

Cromolyn Sodium (CS). CS treatment also prevented the increase in TER seen with Ucn2 

activation of CRF2.  Values represent means SE; n= 6 animals. Symbol (*) differ 

significantly by p<0.05 from respective control by ANOVA.  CS treatment significantly 

prevented MC degranulation observed in D) MC counts.  Values represent percentage of total 

cell count per treatment group and represent means SE; n= 6 animals. Symbol (*, #,†) differ 

significantly by p<0.05 from other treatments by Mann-Whitney test.  E-H) Time course 

analysis of CS pretreated tissue FD4 flux.  Values and represent means SE; n= 6 animals. 

Symbol (*) differ significantly by p<0.05 from other treatments by repeated measures 

ANOVA. 
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Figure 5:  CRF1 caused degranulation rather than piecemeal activation observed in A) MC 

counts and B) Toluidine Blue staining, 100x.  Values represent percentage of total cell count 

per treatment group and represent means SE; n= 6 animals. Symbols (*,#,†,@,$) differs 

significantly by p<0.05 from other treatments by Mann-Whitney test.   
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Figure 6:  CRF1 activation, but not CRF2 activation, causes significant increases release of 

TNF-α and tryptase.  A) Significant increases in release of pro-inflammatory mast cell TNF-

α were observed through commercial ELISA only in tissues treated with CRF1 agonists.  

Activation of CRF2 with Ucn2 did not cause significant changes in mast cell TNF-α release.  

Pretreatment of tissues with CS significantly ameliorated increases in TNF-α observed in 

CRF1-activated tissues. Values represent means SE; n= 6 animals.  Symbols (*,#) differ from 

other treatments by p<0.01.  B)  Enzymatic tryptase assay reveals significantly increased 

tryptase release with CRF1 activation with CRF and Stressin1.  CRF2 activation did not 

increase tryptase levels (p=0.42).    Values represent means SE; n= 6 animals.  Symbols (*,#) 

differ from other treatments by p<0.01.  C)  Immunofluorescence images of CRF agonist 

tissues stained for cKIT (FITC, MC CD117, Abcam) or Tryptase (Cy3, Santa Cruz) show 

less colocalization of cKIT and Tryptase in CRF and Stressin1 treated tissues, indicative of 

more Tryptase degranulation events in CRF1 activated treatment groups.  Confocal imaging, 

20X.   
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Figure 7:  Neutralization of TNF-α and protease activity inhibits increases in intestinal barrier 

dysfunction ex vivo.  Pretreatment of tissue with neutralizing anti-TNF-α antibody and 

protease inhibitors prevents CRF1 agonist-dependent changes in A) TER and B) FD4 flux on 

the Ussing Chambers.  Values represent means SE; n= 6 animals. Symbol (*) differ 

significantly by p<0.05 from respective control by ANOVA.  C-F) Time course 

measurements of paracellular FD4 flux present amelioration of CRF1 dependent changes in 

intestinal permeability in both protease inhibitor and ant-TNF-α treatment groups over 4hr 

Ussing Chamber period.  Values represent means analyzed by repeated measures ANOVA, 

and symbols (*,#,†) differ significantly from other treatments by p<0.01. 
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Figure 8:  Neural tone required for MC activation and MC-dependent gut barrier dysfunction.  

A) Pretreatment of tissue with tetrodotoxin (TTX) significantly prevents CRF receptor-

dependent changes in TER and CRF1-dependent increases in B) FD4 flux and C) Isc. Symbol 

(*) differ significantly by p<0.05 from respective control by ANOVA.   D) Counts of 

degranulating MCs compared to controls show significantly less degranulation in TTX 

treated tissues, values represent percentage of total cell count per treatment group and 

represent means SE; n= 6 animals. Symbols (*,#,†) differs significantly by p<0.05 from 

other treatments by Mann-Whitney test. E)  Toluidine Blue staining reveals neural activity 

required for MC degranulation after CRF receptor agonist treatments, 100x.  Values 

represent means analyzed by repeated measures ANOVA, and symbols (*,#,†) differ 

significantly by p<0.01 from other treatments.  F-I) Time course measurements of 

paracellular FD4 flux present amelioration of both CRF1 and CRF2 dependent changes in 

intestinal permeability in TTX pretreatment groups over 4hr Ussing Chamber period.  Values 

represent means analyzed by repeated measures ANOVA, and symbols (*#) differ 

significantly by p<0.01 from other treatments. 
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Figure 9:  Proposed mechanism of action for CRF1 induced gut barrier dysfunction.  When 

only CRF1 is present, activation of MC CRF1 causes increased degranulation, increased 

release of proinflammatory mediators TNF-α and tryptase, and those in turn negatively affect 

the intestinal barrier by acting on the paracellular space.  This pathway is either downstream 

of or a direct result of enteric neuronal signaling, and proper neural signaling must be in 

place for this response to occur.  In the homeostatic stress response, CRF2 signaling can 

prevent unnecessary inflammatory reaction to high levels of CRF being released centrally 

and peripherally.   
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Abstract   

 Stress is a major contributing factor to the onset of several gastrointestinal (GI) 

diseases but the pathophysiology of the stress response is poorly understood. Our previous 

studies showed that early weaning stress (EWS) in a porcine model triggers disturbances in 

intestinal mucosal permeability that is mediated through activation of CRF receptors 

expressed on mucosal mast cells (MCs).  This study investigates the role of CRF receptor 

subtypes (CRF1 and CRF2) in intestinal dysfunction triggered by EWS.   Yorkshire 17-day-

old piglets were assigned to one of four experimental treatments (n=8 piglets/treatment): 1) 

unweaned control, 2) EWS + saline vehicle, 3) EWS + Astressin b (CRF1 and CRF2 

antagonist, 30 µg/kg), and 4) EWS + Astressin 2b (CRF2 antagonist, 30µg/kg). Antagonists 

were administered via intraperitoneal injection one hour prior to weaning. Colon was 

harvested from piglets 24-h post weaning and permeability assessed on Ussing chambers (as 

transepithelial electrical resistance (TER) and mucosal-to-serosal flux of 
3
H-mannitol). 

Electrogenic ion transport was measured as short circuit current, (Isc). EWS triggered 

increased colonic permeability and Isc in vehicle-treated piglets, seen in reductions in TER, 

and elevations in 3H-mannitol flux and Isc compared with unweaned piglets. Astressin b 

prevented EWS-induced increases in intestinal permeability. CRF2 blockade with Astressin 

2b increased intestinal permeability and Isc compared with vehicle-treated piglets (P<0.001).  

Astressin b treated colonic tissues exhibited reductions in neutrophil infiltration and MC 

degranulation, whereas Astressin 2b markedly increased this response. Overall, these data 

suggest that CRF1 mediates deleterious mucosal barrier responses to stress while CRF2 

mediates beneficial, protective responses.  
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Introduction 

  The single layer of gastrointestinal epithelial cells, resident immune cells, and a 

mucus layer separate the intestinal lamina propria from an immense antigen load, resident 

bacteria, and viruses found in the intestinal lumen.  This barrier is adversely affected by acute 

or chronic psychological stress, resulting in increased intestinal permeability [19, 60, 140, 

230, 231] which can effect the onset of clinical symptoms of GI disorders including irritable 

bowel syndrome (IBS) and inflammatory bowel disease [141-144].  Stress-induced intestinal 

barrier injury allows bacterial movement from the lumen into the lamina propria while also 

critically impairing other vital functions including absorption of nutrients, transport of ions, 

secretion [18, 232], motility, and visceral hypersensitivity [233, 234].  While the precise 

mechanism of stress-induced intestinal barrier dysfunction remains poorly understood, it is 

thought to be mediated by corticotrophin-releasing factor (CRF)[78].   

 Mast cells (MC), mainly known for their participation in allergic histamine response 

to exogenous allergens, are an important part of the intestinal mucosal immune response and 

regulation [13].  MCs are known to participate in mediation of intestinal motility, visceral 

sensitivity, and epithelial and mucosal gut barrier function in both acute and chronic stress 

[19] and play an important role in the intestinal mucosal response to stress as the key effector 

cells that mediate stress-induced disease [23, 100, 233, 237, 238].  MCs express CRF 

receptors [239, 240] and have been shown to be activated by CRF receptor ligands and by 

psychological stress.   

 CRF activity is mediated by activation of specific seven transmembrane g-protein 

coupled receptors (GPCRs) known as CRF1 and CRF2; however the exact role of CRF 
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receptor subtypes in the regulation of intestinal barrier function is not well understood. CRF 

binds to CRF receptors causing MCs to release mediators (e.g. tryptase), which cause 

rearrangement of tight junction proteins [145]
 
or increase Cl

-
 secretion [189]. Our previous 

studies demonstrated that early weaning stress (EWS) in a porcine model triggers 

disturbances in intestinal mucosal permeability that is mediated through activation of CRF 

receptors expressed on mucosal MCs [102, 149].   

 Recent attention has been shown to the functional differences in CRF1 and CRF2 

activation, with particular attention to their respective roles in the stress response.    

Conflicting information has been presented concerning the participation of CRF1 and CRF2 

in the MC stress response.  For example, CRF1 and CRF2 have been reported to increase 

baseline Isc and paracellular flux in rodents due to stress, abolished by a CRF2 antagonist 

[18].  Conversely, other groups have shown that blockade of CRF1 abolishes 

hyperpermeability due to stress [71].  These conflicting data do not define a clear role of 

either receptor in the stress response.  More recently, Ussing chamber large animal studies 

where healthy porcine ileum was treated with CRF ex vivo resulted in increased intestinal 

barrier dysfunction which was abolished with MC protease inhibitors and cromolyn sodium.  

Further, CRF2 was upregulated in these non-stressed, healthy animals [60].  Still, 

physiological roles for CRF1 and CRF2 in the stress response are not fully understood.   

 The aim of this study was to determine the specific activity of CRF1 and CRF2 in a 

model of early weaning stress (EWS) in porcine epithelial barrier dysfunction.  In this end, 

animals were subjected to EWS and either selective or total blockade of CRF receptors and 

the determination of 1) Functional physiologic changes 2) Inflammatory markers.   
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Materials and Methods 

 

Animals and weaning protocol. All studies were approved by the North Carolina State 

University Institutional Animal Care and Use Committee. Yorkshire cross-bred pigs of either 

sex were housed in standard farrowing crates with sows and subjected to routine 

management practices.  

 

CRF receptor antagonist experiments. EW pigs (weaned 17 days of age) were assigned to 

one of four experimental treatments (n=8 piglets/treatment): 1) unweaned control, 2) (EWS) 

+ saline vehicle, 3) EWS + Astressin b (CRF1 and CRF2 antagonist, 30 µg/kg), and 4) EWS + 

Astressin 2b (CRF2 antagonist, 30µg/kg). Pigs were injected IP with saline vehicle, Astressin 

b, or Astressin 2b one hour prior to being weaned and re-dosed with treatments at 8, 16, and 

24 h postweaning.  

 

Ussing chamber experiments. 24 hr post weaning, segments of the proximal colon were 

harvested and the mucosa was stripped from the seromuscular layer in oxygenated (95% O2-

5% CO2) Ringer solution. Tissues were mounted in 1.14-cm
2
 aperture Ussing chambers, as 

described in a previous study. Transepithelial electrical resistance (TER; in Ω cm
2
) was 

calculated from the spontaneous PD and short-circuit current (Isc). Mucosal-to-serosal fluxes 

of [
3
H]mannitol. To assess the mucosal permeability after experimental treatments, 0.2 

µCi/ml [
3
H]mannitol was placed on the mucosal side of Ussing chamber-mounted tissues.  
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Histological examination. Tissues fixed in 10% neutral buffered formalin for routine H&E 

staining and evaluation. Colonic tissues were also frozen in OCT and sectioned (5 µm) and 

stained with Toluidine Blue.   

 

Statistical analyses. Data are reported as means±SE based on the experimental number (n). 

All data were analyzed by using a standard one-way ANOVA (Sigmastat, Jandel Scientific, 

San Rafael, CA). A post hoc Fisher LSD test was used to determine differences between 

treatments following ANOVA. 
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Results 

 

Early weaning causes increased intestinal barrier dysfunction and inflammation 

 Our previous data showed that early weaning caused long term negative effects to 

intestinal barrier dysfunction [102, 149].  Yorkshire piglets were subjected EW (17 days of 

age) and 24 hrs post weaning their tissues were examined for barrier function properties.  

These data reveal that acute, EWS causes significant decreases in TER (p<0.05) (Figure 1A), 

increases in paracellular flux (p<0.05) (Figure 1B), and increases in secretory activity over 

that of control, unweaned tissue (p<0.05) (Figure 2).  Toluidine blue staining revealed 

increased MC number in stressed tissue (Figure 3) and evidence of increased inflammation 

indicated by increased neutrophils in EW tissue (p<0.05) (Figure 4).  This data corroborates 

with previous data, providing further evidence that early weaning does in fact cause 

detrimental effects to gut barrier dysfunction.  In addition, this data provides evidence for 

increased inflammation in early weaned tissues.   

 

Blockade of CRF2 exacerbates intestinal barrier dysfunction over stress alone 

 To further elucidate the roles of CRF receptor subtypes in early weaning-induced 

mucosal dysfunction, selective CRFr antagonist compounds were administered to 35-day-old 

pigs that were previously weaned at 15 days of age. Pharmacological blockade of both CRF1 

and CRF2 with Astressin b ameliorated (p<0.05) disturbances in barrier function (increased 

colonic TER and reduced [3H] mannitol flux and Isc) (Figure 1A-B, Figure 2). However, 

selective inhibition of CRF2 with Astressin2b enhanced mucosal barrier dysfunction (reduced 
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TER and elevated [3H] mannitol flux and Isc) significantly over that of EW alone (p<0.05) 

(Figure. 1A-B, Figure 2). Overall, these data suggest that, in this large animal in vivo model, 

CRF1 is mediating barrier disruption and hypersecretion, whereas CRF2 acts in an opposing 

manner.  

  

Blockade of CRF2 exacerbates MC infiltration 

 As our previous data showed potent influence of the MC on intestinal barrier function 

due to stress, and that stress-induced changes in barrier function could be ameliorated by 

pretreatment with MC stabilizer cromolyn [60].  Interestingly, EW stress alone caused 

increases in MC number visualized in colonic sections by Toluidine blue staining (Figure 

3B).  Blockade of both receptors with Astressin b significantly (p<0.05) decreased the 

number of infiltrating MCs in colonic tissue, providing evidence that CRF receptor signaling 

is involved in either MC proliferation or migration to the intestine in stress (Figure 3E).  

Moreover, blockade of CRF2 with Astressin2b caused a dramatic increase in MC number in 

intestinal tissues, significantly over EW stress or control (p<0.05), indicating that CRF1 

signaling is involved in MC proliferation in migration, while CRF2 could be involved in 

downregulating MC proliferation (Figure 3D-E).  Interestingly, electron micrographs reveal 

MCs (black arrows) in close proximity to epithelial cells in (Fig 4), and evidence that CRF1 

signaling through CRF or CRF1 agonist treatment causes increased degranulation, as those 

cells exhibited less granularity and highly disorganized membrane conformation. 
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Blockade of CRF2 exacerbates inflammation 

 EW stress alone caused increases in neutrophil number visualized in colonic sections 

by H&E staining (Figure 5).  Blockade of both receptors with Astressin b significantly 

(p<0.05) decreased the number of infiltrating neutrophils in colonic tissue, providing 

evidence that CRF receptor signaling is involved in cell infiltrate and neutrophil migration 

into tissues.  However, blockade of CRF2 with Astressin2b caused an increase in neutrophil 

number in intestinal tissues significantly over control only (p<0.05), indicating that this 

observation might not be affected by a specific CRF receptor.  
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Discussion 

  

 Having an intact epithelial barrier in the intestine is critical for health [60].  Both 

acute and chronic psychological stress can have a potent negative effect on intestinal 

epithelial barrier function resulting in increased bacterial uptake, motility disturbances, 

visceral hypersensitivity [105] [227, 248, 249] [60, 102]. Thus, the data resulting from these 

studies support the profound impact of stress on the epithelium, as this model of EWS 

resulted in increased intestinal barrier dysfunction indicated by decreased resistance, 

increased paracellular flux, and increased secretory activity.  EWS also induced increased 

MC infiltration in porcine colonic tissues, as well as increased inflammation over that of 

control.  This indicates that EWS is associated with acute damage to the intestinal barrier, as 

well as intestinal inflammation.   

 Previously, there has been some debate on the specific roles of CRF receptors in the 

stress response.  These data suggest that CRF receptor subtypes have differential roles in the 

intestinal stress response. First, blockade of both CRF receptors abolished stress-induced 

changes in epithelial resistance, paracellular permeability, and secretory activity, indicating 

that CRF signaling is required for the negative effects of stress on the gastrointestinal tract.  

As CRF is shown to be upregulated in stressed compared to control rodents [18, 28, 29] and 

in rodent models of colitis [44, 45] and mice with reduced CRF or CRF receptor expression 

develop reduced inflammation in the intestine [48, 49], it is understandable that CRF 

receptors are required for the intestinal stress response.    
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 This study aimed to solidify the differential roles of CRF1 and CRF2 in the intestinal 

response to stress.  These data demonstrate CRF1 mediating the negative effects of stress on 

the intestine.  Here, we observed blockade of CRF2 resulting in increased intestinal 

permeability, secretory activity, and inflammatory cell recruitment, even more so than that 

seen from stress alone.  Thus, we hypothesize that CRF1 is the main receptor involved in 

causing intestinal dysfunction in our EWS porcine model (Figure 6).  In contrast, blockade of 

CRF2 resulted in increased intestinal barrier dysfunction and recruitment of neutrophils and 

MCs suggesting that CRF2 may work to preserve barrier function in response to stress.  

Interestingly, both CRF receptors seem to be involved in either MC recruitment, maturation, 

or proliferation in the intestine, as blockade of CRF receptors prevented this increase in MC 

number in stress and blockade of CRF2 exacerbated this response.  Moreover, this data 

provides a protective role of CRF2 in the stress response, potentially representing a feedback 

mechanism for regaining homeostasis in stress.   

 This study provides direct evidence of the effect of stress on the gastrointestinal 

system, the affect of CRF in this pathway, and the necessity of function for both CRF 

receptors in stress.  These studies further define the roles of CRF receptors in stress, and 

provide insight into a signaling pathway in the stress response.  Novel therapeutic treatment 

of stress-induced disease through manipulation of this pathway could prevent stress-induced 

human intestinal disease.  Further study of this important stress signaling pathway will 

elucidate the complex stress response, thus providing key information for the potential 

therapeutic reduction of stress-induced intestinal barrier dysfunction.   
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Figure 1:  Effect of the CRF receptor antagonist Astressin b and Astressin 2b on weaning-

induced decreases in colonic (A) TER and (B) increases in [3H]mannitol flux. Values 

represent means SE; n= 6 animals. Astressin b treatment prevented the reductions in TER in 

the weaned piglet colon compared with pigs treated with saline vehicle.  Reductions in 

mucosal-to-serosal [
3
H]mannitol fluxes were observed in weaned colonic tissues of pigs 

treated with Astressin b compared with saline vehicle.  Astressin 2b treatment caused an 

increase in mucosal-to-serosal [
3
H]mannitol flux and a decrease in colonic TER. Symbols 

(*,#,†) differ by p<0.05. 
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Figure 2:  Effect of the CRF receptor antagonist Astressin b and Astressin 2b on weaning-

induced decreases in secretory activity (Isc). Values represent means SE; n= 6 animals. 

Astressin b treatment prevented the reductions in Isc in the weaned piglet colon compared 

with pigs treated with saline vehicle.  Astressin 2b treatment caused an increase in Isc over 

that of stress alone. Symbols (*,#) differ by p<0.05. 
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Figure 3:  MC activation was exacerbated by CRF1 activation.   (A) Significantly increased 

MC numbers were seen both in weaned and weaned + Astressin 2b treatment groups, while 

blockade of both CRF receptors with Astressin b prevented the increase in MC infiltration 

(E). Blockade of CRF2 with Astressin 2b resulted in increased MC infiltration into colonic 

tissues.  Toluidine Blue MC stain reveals degranulated and activated MCs (black arrows) 

present in higher number in Weaned + Vehicle (B) and Weaned + Astressin 2b (D) colonic 

tissue.  Significantly fewer MCs are present in the Unweaned (A) and Weaned + Astressin b 

(C) treatment groups.   
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Figure 4:  MCs are activated in close association with epithelium.  Electron micrographs 

reveal MCs (black arrows) in close proximity to epithelial cells in Unweaned (A), Weaned + 

Saline (B), Astressin b (C), and Astressin 2b (D) treatment groups.  Degranulated MCs seen 

in groups (B) and (D), with decreased granularity and highly disorganized cell membrane.   
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Figure 5:  CRF1 activation results in increased inflammation due to stress.  H & E stain of 

colonic tissue reveals neutrophil infiltration (blue arrows) and inflammation present in 

Weaned + Vehicle (B) and Weaned + Astressin 2b (D) colonic tissue.  Significantly fewer 

neutrophils are present in the Unweaned (A) and Weaned + Astressin b (C) treatment groups. 

Note the increased lamina propria cell density in (B) and (D).  Colonic tissue from each 

experimental group was fixed with hematoxylin and eosin. Neutrophils were identified by 

nuclear morphology and eosinophilic cytoplasmic staining. Significantly increased neutrophil 

numbers were seen both in weaned and weaned + Astressin 2b treatment groups, while 

blockade of both CRF receptors with Astressin b prevented the increase in neutrophil 

infiltration.   
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Figure 6:  Proposed mechanism of MC activation and intestinal dysfunction by blocking 

CRF2, causing increased permeability.  We hypothesize that CRF released in response to 

stress, binds to CRF1 on MCs causing increased intestinal permeability and inflammatory cell 

recruitment.  Activation of CRF2 may down-regulate this response in a protective manner.   
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Abstract 

 

Mast cells (MC) in the gastrointestinal tract serve as important effectors cells in the 

mucosal stress response.  Our previous studies showed that psychological stress triggers 

disturbances in intestinal mucosal permeability mediated through activation of MC 

corticotrophin releasing factor receptors (CRFr1 and CRFr2), with CRFr1 mediating 

deleterious mucosal barrier responses and CRFr2 mediating beneficial, protective responses.  

The objective of this study was to further elucidate the mechanism by which MC CRF1 

activation mediates intestinal dysfunction in response to stress. We hypothesize that CRF1 

activation induces release of pro-inflammatory cytokines that contribute to intestinal barrier 

dysfunction. Peritoneal mast cells (PMCs) were isolated from control and stressed C57BL/6 

mice and then activated for 1 hr, 6 hr, and 24 hrs with select CRF receptor agonists, including 

1)vehicle control, 2)CRF (0.5µM;CRF1/2 agonist), 3) Stressin 1 (0.5µM;CRF1 agonist), and 

5) c48/80 (5µg/mL; mast cell degranulator control).  Activation of PMC was assessed 

through histochemical staining, and release of pro-inflammatory mediators (IL-6  and TNF-

α) and tryptase by ELISA.  PMCs collected from stressed mice spontaneously released 

higher levels of IL-6 and TNF-α compared with PMCs from control (non-stressed) mice.  

CRF and Stressin1 induced release of IL-6 and TNF-α, but not tryptase, from PMCs.  Thus, 

psychological stress and CRF1 activation induce pro-inflammatory cytokine release which 

could explain our previous findings of CRF1 mediating deleterious mucosal barrier responses 

to stress.  More studies evaluating the complete mediator profile of CRF1/2 systems are 
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needed to determine the specific activity of these MC receptors on intestinal mucosal health 

during stress. 
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Introduction 

  

MCs in the gut serve as effector cells for the intestinal stress response, 

communicating between nervous and innate immune systems to aid in the intestineal 

response to stress.  In this pathway, MCs respond to centrally and peripherally released 

corticotropin releasing factor (CRF) to release mediators that can adversely effect the 

intestinal barrier.  Intestinal barrier dysfunction can be caused by acute or chronic 

psychological stress, resulting in increased intestinal permeability [19, 60, 140, 230, 231] 

which is a critical to the onset of clinical symptoms of GI disease including irritable bowel 

syndrome (IBS) and inflammatory bowel disease [141-144].  This stress-induced injury 

allows not only bacterial movement from the lumen into the lamina propria but also 

impairing absorption of nutrients, transport of ions, secretion [18, 232], motility, and 

exacerbating visceral hypersensitivity [233, 234].  While the precise mechanism of stress-

induced intestinal barrier dysfunction remains poorly understood, it is thought to be mediated 

by corticotrophin-releasing factor (CRF) [78].  Mast cells express CRF receptors [239, 240] 

and have been shown to be activated by CRF receptor ligands and by psychological stress.   

 The mechanism by which MC CRF receptor activation mediates intestinal 

dysfunction in response to stress remains unclear.  For example, while CRF activity is 

mediated by activation of specific seven transmembrane g-protein coupled receptors 

(GPCRs) known as CRF1 and CRF2, the exact role of CRF receptors in regulation of barrier 

function is not well understood. Many rodent studies provide conflicting evidence of 

downstream CRF1 or CRF2 activation in the gut, leading to confusion in the field on the exact 
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roles of these receptors in stress-induced MC activity in the intestine [18],[71].  We 

previously showed in a porcine model of early weaning stress that blockade of CRF2 with 

systemic administration of the CRF2 antagonist exacerbated stress-induced intestinal barrier 

dysfunction [236] while dual blockade of CRF1 and CRF2 ameliorated barrier injury 

suggesting that CRF1 and CRF2 may have divergent functions in the regulation of intestinal 

epithelial barrier function in response to stress.  In addition, in an ex vivo model of porcine 

stress, selective CRF1 activation with agonist Stressin1 showed exacerbated intestinal 

dysfunction, which was blocked by MC stabilizer drug cromolyn, tetrodotoxin (TTX), and 

correlated with increases in tryptase and TNF-α (data not shown).  Considering this 

information, it is obvious that MC-CRF receptors can affect intestinal barrier function 

downstream of CRF signaling.   

 MCs release a number of mediators that can aid in increasing intestinal permeability 

during stress-induced degranulation and activation.  Many of the mediators released by 

stress-activated MCs have the potential to affect intestinal barrier function.  For instance, 

MCs can synthesize and release Nerve Growth Factor (NGF) [71],  IL-13 [163], IL-1β [173, 

174], MC tryptase [60, 145],  and TNF-α [155, 157-159] which are all reported to directly 

influence intestinal epithelial cells and intestinal barrier function.  Our previous studies 

showed that psychological stress triggers disturbances in intestinal mucosal permeability 

mediated through activation of MC corticotrophin releasing factor receptors (CRF1 and 

CRF2), with CRF1 mediating deleterious mucosal barrier responses and CRF2 mediating 

beneficial, protective responses.  Thus, we hypothesized that CRF1 activation would induce 

release of pro-inflammatory cytokines that could contribute to intestinal barrier dysfunction.  
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The aim of this study was to use in vitro primary MC culture to closely examine downstream 

activation results of direct activation of CRF1 and CRF2 on mouse peritoneal MCs (PMCs).   
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Materials and Methods 

 

Animal Care 

The North Carolina State University Institutional Animal Care and Use Committee approved 

all studies. 

 

Primary MC Culture  

Peritoneal MCs (PMCs) were isolated through peritoneal lavage from C57BL/6 mice as 

previously described [261].  Magnetic bead isolation using CD117 beads (Sigma) were used 

to isolate PMCs from mononuclear cells in peritoneal lavage fluid, resulting in 85% pure 

PMC isolate.  PMCs were cultured with cRPMI  medium containing 10% FBS, penicillin and 

streptomycin, HEPES, trypsin inhibitor, sodium pyruvate, recombinant IL-3 (5ng/mL), and 

stem cell factor (5ng/mL). 

 

Restraint Stress Protocol 

C57BL/6 mice subjected to restraint stress were placed in a transparent 50 mL plastic conical 

tube modified with air holes for 3 hrs.  Control mice were left in their cages for three hours 

without food and water.  Stressed and control mice were immediately sacrificed following 

three hour restraint stress by CO2 inhalation and colonic tissue was collected for Ussing 

chamber experiments.  
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CRF agonist treatment 

Isolated PMCs were activated for 1 hr, 6 hr, and 24 hrs with select CRF receptor agonists, 

including  vehicle control, CRF (0.5µM; CRF1/2 agonist), UCN1 (0.1µM;CRF1/2 agonist),  

Stressin 1 (0.5µM;CRF1 agonist), and  A23187 (5µg/mL; MC degranulator control).  PMCs 

were plated in 24-well-plates at 2.5 x 10^5 concentration and stored in incubators at 37ºC 

during activation period.  At end of activation time, fluid collected and pellet spun down and 

stored at -20 ºC while all assays were preformed on supernatant.   

 

Histological Examination 

20 μL of cell pellet from CRF receptor agonist treatment experiments were spun onto slides 

using a cytospin and then fixed for 1 h in Carnoy's fixative (60% ethanol-30% chloroform-

10% glacial acetic acid). Sections were then stained for 45 min at room temperature with 

0.5% toluidine blue in 0.5 N HCl in PBS. Sections were then viewed at ×20 objective, and 

MCs were evaluated as either stable, piecemeal activated, or degranulated.  

 

MC Mediator Release 

Supernatant obtained from the culture wells were collected at end time (end of experiment) 

for  analysis of TNF-α using a commercial ELISA kit (R&D Systems) according to 

manufacturer's instructions.  Samples were frozen immediately upon removal from culture 

plate and stored at -80°C until assay.   
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Statistical analyses.  

Data are reported as means ± SE based on the experimental number (n). Data were analyzed 

by using a standard one-way ANOVA (Sigmastat, Jandel Scientific, San Rafael, CA). A post 

hoc Fisher’s LSD test was used to determine differences between treatments following 

ANOVA. 
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Results 

 To confirm isolation of PMCs and granular content of these cells, we first isolated 

PMCs from C57BL/6 mice and visualized them with Toluidine Blue staining for histological 

evidence of MC degranulation and activation due to CRFr1 and CRFr2 stimulus.  Not only 

were PMCs were extremely granular with dense granule-filled cytoplasm, and they were 

responsive to CRF receptor activation and A23187, a positive control for MC degranulation 

(Figure 1).   A23187 induced a massive degranulation event at 6 hours, and evidence of CRF 

activation at 1 hour was observed, although with less dense cytoplasmic granules (Figure 1).  

CRF and Stress, in comparison to control, are also activated with less dense granules in 

comparison to the control.  Released granules as early as 1 hour post stimulation are seen in 

CRF and Stressed PMCs.  Here, we observed histological evidence of PMC activation under 

CRF and Stress stimulus, though not through large degranulation events.  

 As PMCs seem to be activated by CRF receptor signaling and stress, we tested to see 

whether PMCs released any proinflammatory mediators downstream of specific CRF 

receptor activation or stress.  Our previous data showed increased TNF-α downstream of 

CRF1 activation, so we investigated the downstream affect of stress and CRF receptor 

agonists on PMC TNF-α and proinflammatory Il-6 release.  PMCs collected from stressed 

mice spontaneously released higher levels of IL-6 and TNF-α compared with PMCs from 

control (non-stressed) mice (Figure 2-3).  CRF and Stressin1 MC activation induced 

increased release of IL-6 from PMCs in compared to control (Figure 2-3). Interestingly, 

selective CRFr1 activation with Stressin 1 caused a significant increase in release of TNF-α 

over controls and CRF activation (Figure 3).  These results were highly variable amongst 
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CRF agonist treatment, time point, and experimental trial, indicated by large error bars in 

experimental groups.  Still, increased release of proinflammatory mediators with stress and 

CRF receptor activation does support our hypothesis that CRF receptor activation causes the 

release of proinflammatory mediators.    

 There is also evidence of large-scale proinflammatory mediator release as a result of 

CRF PMC activation.  PMCs were isolated from C57BL/6 mice and then cultured for 24hrs 

in cRPMI with either vehicle control or CRF (0.5µM; CRF1/2 agonist).  After 24hrs, 

supernatants were collected, aliquoted, and immediately frozen for analysis.  Using the 

commercial Milliplex Map Kit (Millipore), we conducted a survey of cytokines and 

chemokines to determine if a profile of proinflammatory mediators exists for CRF 

stimulation to primary MCs.  Increased levels of IL-12p70, GM-CSF, IL-13, MIP-1a, IL-6, 

IL-9, KC, and MCP-1 were all detected after 24hrs CRF stimulation to PMCs when 

compared to controls (Figure 4).  All of these increases are seen in proinflammatory 

cytokines, and are evidence of MC activation under CRF stimulation.  Again, due to high 

variability between experimental treatments, time points, and experiments themselves these 

results were highly variable.   

 

 



 

155 

Discussion 

 Overall, these data suggest that psychological stress and CRF1 activation induce pro-

inflammatory cytokine release which could explain our previous findings of CRF1 mediating 

deleterious mucosal barrier responses to stress.  This increase in release of proinflammatory 

mediators is seen even without a massive degranulation event, and while seen strongly in Il-6 

and TNF-α release, is also seen in broad-spectrum proinflammatory cytokine release.   

 In the present study, CRF1 activation and stress caused downstream release of TNF-α 

and proinflammatory cytokine Il-6, evidence that stress and CRF1 activation leads to 

initiation of immune proinflammatory cascade that could aid in exacerbation of intestinal 

barrier dysfunction due to stress. It is well established that TNF-α can trigger epithelial 

barrier disruption although via different mechanisms, and TNF-α has been shown to be 

released due to stress and regulate epithelial barrier function [254].  TNF-α can initiate 

negative changes in intestinal barrier function [155, 245, 255] and potently enhance epithelial 

permeability [155] through increased myosin light-chain kinase (MLCK) expression and 

activity [155] or by triggering caveolin-1 dependent endocytosis of occludin that could cause 

loss of barrier function.[165]   Additionally, TNF-α induces an increase of tight junction 

permeability in vitro through the activation of NF-κB and the subsequent down-regulation 

and alteration of ZO-1 protein expression [155]. Similarly, Il-6 has been shown to increase 

intestinal barrier dysfunction through increased claudin-2 expression and increased intestinal 

permeability [262].  Thus, there is much evidence supporting the role of TNF-α and Il-6 in 

regulation of barrier function through multiple pathways.   
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 While this study provides evidence for the differential release of mediators with CRF1 

activation, stress, or CRF signaling, the high variability of responses makes this model a 

challenging one to use for this study.  For example, though stress caused an increase in 

release of Il-6, the positive degranulation control of A23187 did not cause the release of Il-6, 

and a highly variable amount of TNF-α, indicating that PMCs do not consistently respond to 

A23187 degranulation.  Also, CRF and UCN1 failed to cause any consistent release of TNF-

α.  In addition, there was high variability between treatment groups and time points, as seen 

in decreased in released product comparing levels between 6hr or 24hr time points.  As we 

have observed stress and CRF correlated with in vivo MC degranulation [60], we were 

disappointed with the level of degranulation brought on by stress and CRF activation on 

PMCs.  As this degranulation could not be evaluated successfully by measuring either 

released tryptase or β-hexaminidase, it provides a difficult barrier to evaluate the success of 

treatments.   

 Still, given the data presented, there is some evidence for initiation of a 

proinflammatory cascade downstream of stress or CRF receptor signaling activation on MCs 

(Figure 5).  While PMCs might not be best model system of this mechanism, this data 

provides a clue for further study and model development.  Overall, these data suggest that 

psychological stress and CRF receptor activation induce pro-inflammatory cytokine release 

which could explain our previous findings of CRF1 mediating deleterious mucosal barrier 

responses to stress.   
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Figure 1.  PMC activation due to CRF and stress.  T. Blue depicting PMC activation under 

CRF, Stress, and A23187 stimulus.  While A23187 causes massive MC degranulation, CRF 

and Stress seem activate the cell in a less traumatic event.   
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Figure 2.  CRFr1 activation and stress causes a significant increase in Il-6 release compared 

to controls.  PMCs collected from stressed mice spontaneously released higher levels of IL-6 

compared with PMCs from control (non-stressed) mice (p<0.05).  CRF and Stressin1 induced 

increased release of IL-6 from PMCs compared to that of control PMCs (p<0.05). Symbols 

(*,#) differ by (p<0.05).  
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Figure 3.  CRFr1 activation and stress causes a significant increase in TNF-α release 

compared to controls.  PMCs collected from stressed mice released high levels of TNF-α 

compared with PMCs from control (non-stressed) mice.  CRF and Stressin1 induced release 

of TNF-α from PMCs. Symbols (*,#) differ by (p<0.05).  
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Figure 4:  PMC Activation with CRF causes upregulation of many proinflammatory 

cytokines. Murine PMCs were activated with CRF (0.5µM; CRFr1/r2 agonist) for 24 hrs 

before supernatants were collected and surveyed for proinflammatory cytokine release.  

Upregulation of release of each of these proinflammatory mediators was measured due to 

CRF stimulation, indicative of a specific MC response to CRF stimulation and stress.   
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Figure 5.  Summary of proposed mechanism of stress-induced CRF receptor signaling in 

intestinal barrier dysfunction.  These data suggest that psychological stress and CRFr1 

activation induce pro-inflammatory cytokine release, including but not limited to TNF-α and 

IL-6 which could explain our previous findings of CRFr1 mediating deleterious mucosal 

barrier responses to stress.   
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Abstract 

 

Stress-induced intestinal injury negatively influences intestinal barrier function and 

results in increased paracellular permeability, resulting in bacterial movement from the gut 

lumen and initiation of proinflammatory signaling cascade.  Heat stress, experienced both by 

humans through heat stroke and food animals in production, has been shown to cause 

inflammation and weight loss, but little is known about this stress-induced changes or 

possible therapeutic prevention.  The aim of this study was to examine the effect of dietary 

bacitracin on heat-stress induced intestinal physiology and inflammation in pigs.  Healthy 

pigs were assigned to one of two temperature groups including 1) thermo neutral and 2) heat 

stress and experimental diets including 1) control diet, 2) Bacitracin methylene disalicylate 

(BMD) 3) Albac.   After 10 days of experimental treatment, colonic and ileal tissues were 

harvested and placed on Ussing chambers for physiologic examination of intestinal barrier 

function and tissue culture assessed for inflammatory measures.  Heat stress caused 

significant (p<0.05) decreases in average daily gain (ADG), TER, increases in paracellular 

flux and rectal temperatures, decreased villus height, reduced ileal glucose absorptive 

response increased serum endotoxin levels, and increased release of IL-8 and TNF-α in the 

ileum.  BMD and Albac increased ADG, prevented decreases in villus height, increased 

glucose-stimulated Isc, decreased serum endotoxin levels and reduced levels of 

proinflammatory mediator release from heat stressed pigs.  Dietary bacitracin is able to 

prevent porcine heat stress-induced intestinal barrier dysfunction and inflammatory response.   
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Introduction   

 

Protection from invading viruses in the lumen, immense antigen load, and resident 

bacteria in the lumen of the gastrointestinal tract is solely reliant upon the integrity of the 

gastrointestinal barrier, consisting of enterocytes, mucus, and resident immune cells.  

Disruption of this barrier is seen in increased intestinal permeability, [19, 60, 140, 230, 231] 

which is known to be a critical event in the onset or exacerbation of GI disorders and disease, 

and can be initiated by acute or chronic stress [141-144].  This stress-induced injury to the 

intestinal barrier allows bacterial movement from the lumen into the lamina propria and also 

impairs other vital functions including absorption of nutrients, transport of ions, secretion 

[18, 232], motility, and visceral hypersensitivity [233, 234].  While the precise mechanism of 

stress-induced intestinal barrier dysfunction remains poorly understood, the negative impact 

of stress on the intestine is evident.  

Many different models of stress, both psychological and physical, have been used to 

study the affect of stress on the gastrointestinal system both in rodents and large animal 

models.  Some of these stress models include restraint [68], water avoidance [263, 264], cold 

restraint [183, 265], crowding [266, 267], and neonatal maternal separation [249] all in 

rodents, and porcine early weaning [60, 102] in a large animal model of stress-induced 

intestinal barrier dysfunction.  In production, pigs are exposed to a number of stressors 

including mixing, weaning, cold, heat, and shipping that can have adverse effects [268], such 

as increased disease susceptibility and impaired immune function [269].  Pigs are particularly 
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susceptible to high temperatures and thus heat stress due to decreased evaporative critical 

temperature [270] and hog house stocking density.  Still, little is known about the effects of 

heat stress on porcine intestinal barrier function.   

 As the prevention of heat stress could enhance pig quality and production, dietary 

prevention of stress-induced intestinal dysfunction would provide potential therapeutic 

opportunities.  Subtheraputic levels of antibiotics in swine diet can improve growth 

performance [271].  Many products now exist that claim to increase pig health and 

production through dietary supplementation.  Some, including dietary bacitracin, have shown 

evidence of preventing increased intestinal permeability [272] in stress-induced gut 

dysfunction in hens.  Bacitracin methylene disalicylate (BMD) is a commonly used as an 

antibiotic growth promoter in swine and poultry diets [273] and commercially available 

Albac, which also contains a form of bacitracin, claim to enhance growth, efficacy, and 

health of pigs.   

The aim of this study is to determine the effect of dietary bacitracin on gut intestinal 

barrier dysfunction in a model of porcine heat stress.  The preventative benefit of dietary 

BMD and Albac was determined through measures of 1) physiologic intestinal barrier 

function and 2) inflammation.   
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Materials and Methods 

 

Animals and intestinal tissue collection. The North Carolina State University Institutional 

Animal Care and Use Committee approved all studies. Yorkshire x Hampshire cross-bred 

barrows were used at 26.8±0.9 kg starting weight. Upon arrival to lab animal resources, pigs 

were housed in 2 environmentally controlled rooms. Pigs were housed in individual pens on 

tenderfoot flooring with 1m
2
 floor space/pig.  Pigs were acclimatized to rooms and 

treatments for 7days (room temperature =20°C).   Pigs were weighed and rectal temperature 

recorded at 1 day prior to the heat stress period and at the end of the 10 day heat stress.   

 

Heat Stress Model 

On days 8-17, pigs in one of the rooms was heated to 36-38° C for 12 hr (08:00-16:00 hr) 

and then reduced to 29°C 16:00-07:00 hr) to simulate cyclical ambient temperatures observed 

in swine barns.  The control room remained at 20°C thought the study. The trial was run in 3 

replicates with n=2-3 pigs/treatment within each replicate. The pigs were feed-restricted to 

75% of expected daily ad libitum feed intake to control for confounding effects of feed intake 

on treatments. The bacitracin from Albac was 27.5 ppm and 33 ppm from BMD.  Prior to 

experiments and tissue harvest, pigs were sedated with a combination of xylazine (1.5 mg 

im) and ketamine (11 mg/kg im) followed by euthanasia with an intravenous overdose of 

pentobarbital via a catheterized ear vein. Initial sedation was used to minimize stress before 

intestine was obtained for subsequent intestinal studies. Segments of ileum and colon were 

harvested immediately after euthanasia and prepared for Ussing chamber studies.  



 

167 

 

Ussing chamber experiments. Ileal and colonic mucosa was stripped from the seromuscular 

layer in oxygenated (95% O2-5% CO2) Ringer solution (in mmol/l: 154 Na
+
, 6.3 K

+
, 137 Cl

−
, 

0.3 H2PO4, 1.2 Ca
2+

, 0.7 Mg
2+

, 24 HCO3
−
; pH 7.4). Tissues were then mounted in 1.13 cm

2
 

aperture Ussing chambers, as described in previous study [60, 242]. Tissues were bathed on 

the serosal and mucosal sides with 10 mL of Ringer solution. The serosal bathing solution 

contained 10 mM glucose, which was osmotically balanced on the mucosal side with 10 mM 

mannitol. Bathing solutions were oxygenated (95% O2-5% CO2) and circulated in water-

jacketed reservoirs maintained at 37°C. The spontaneous potential difference (PD) was 

measured using Ringer-agar bridges connected to calomel electrodes, and the PD was short-

circuited through Ag-AgCl electrodes using a voltage clamp that corrected for fluid 

resistance. Tissues were maintained in the short-circuited state, except for brief intervals to 

record the open-circuit PD. Transepithelial electrical resistance (TER; Ω·cm
2
) was calculated 

from the spontaneous PD and short-circuit current (Isc), as previously described [243]. After a 

30-min equilibration period on Ussing chambers, TER was recorded at 15-min intervals over 

a 4-hr period and then averaged to derive the basal TER values for each experimental 

treatments.  

 

Mucosal-to-serosal fluxes of FITC-labeled Dextran.   

Mucosal-to-serosal fluxes of (FITC)-dextran (4 kDa; Sigma-Aldrich, St. Louis, MO) were 

performed at the same time as TER was measured. After a 15-min period on Ussing 

chambers, FITC Dextran (0.25 mM) was added to the mucosal side of Ussing chamber-
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mounted tissues. The FD4 was allowed to equilibrate for 15 min after which 100 μL samples 

(in triplicate) were taken from the serosal side of tissues at 30-minute intervals and 

transferred into a 96 well assay plate. The presence of FD4 fluorescence intensity of each 

sample was measured by fMax Fluorescence Microplate Reader (Molecular Devices, 

Sunnyvale, CA) and concentrations were determined from standard curves generated by 

serial dilution of FD4.   Data for FD4 flux were presented as µg FD4/min.   

 

Glucose Response Curve 

Ileal tissue was harvested and mounted on Ussing chambers as described.  After 30 min 

equilibration period, 20mM glucose was added to the mucosal side of tissue after which Isc 

was recorded at 1-second intervals until the maximal change in Isc was attained. 

 

Tissue culture 

Ileal and colonic segments weighing 0.05g were dissected into small fragments, weighed, 

and placed into 24 well culture plates with cRPMI + 0.5% gentamicin.  Tissues were 

incubated for 24hrs before supernatant was removed, centrifuged, and stored at -80°C until 

assay. 

 

Cytokine Analysis.  

Supernatant obtained from tissue cultures was collected at time 24 hrs for analysis of TNF-α 

and IL-8 using a commercial ELISA kit (R&D Systems) according to manufacturer's 

instructions.  Samples were frozen immediately upon removal from Ussing Chamber and 
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stored at -80°C until assay.  Serum endotoxin levels were measured via commercial kit from 

whole blood samples obtained at Day 3 and Day 10 of experiment.   

 

Statistical analyses.  

Data are reported as means ± SE based on the experimental number (n). Data were analyzed 

by using a standard one-way ANOVA (Sigmastat, Jandel Scientific, San Rafael, CA). A post 

hoc Fisher’s LSD test was used to determine differences between treatments following 

ANOVA. Data considered significant if p<0.05.   
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Results 

 

Heat Stress Causes Intestinal Barrier Dysfunction  

 As many other stress models exist both in rodents and large animals, notably porcine 

models of early weaning stress [60, 102].  In this study, heat stress is used as a model for 

study of the affects of stress on the gastrointestinal system.  To confirm the affect of heat 

stress on the gut, porcine ileal and colonic segments from heat stress and thermoneutral 

treatments were placed on Ussing chambers and evaluated for intestinal integrity.  Heat stress 

caused significant (p<0.05) decreases in TER and increases in paracellular flux over that of 

control, indicative of gut barrier dysfunction (Figure 1A-D).  Thus, heat stress is successful 

in causing physiologic gastrointestinal dysfunction.  Moreover, heat stress resulted in 

significantly increased rectal temperatures (Figure 7, p<0.05) and decreased villus height 

(Figure 6, p<0.05).  Thus, heat stress is associated with intestinal barrier dysfunction and 

causing changes in villus architecture.  Moreover, heat stress significantly (Figure 3, p<0.05) 

reduced ileal glucose absorptive response seen in less Isc response, indicating that heat stress 

impairs glucose absorption in the ileum.  Taken together, heat stress can have a profound 

negative effect on intestinal barrier function. 

 

Heat Stress Causes Inflammation 

Stress has been shown to affect inflammation both in models of intestinal stress and 

stress-induced disease [267].  Moreover, heat stress resulted in significantly increased serum 

endotoxin levels (Figure 2, p<0.05) and caused increased release of proinflammatory 
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mediators in the ileum (Figure 4, p<0.05) including IL-8 and TNF-α.  Thus, heat stress is 

associated with intestinal barrier dysfunction and initiation of proinflammatory cascades.  

Taken together, heat stress can have a profound negative effect on intestinal barrier function. 

 

BMD and Albac Prevent Intestinal Dysfunction due to Heat Stress 

 To test the effect of dietary supplement BMD and Albac on preventing heat stress-

induced changes in intestinal barrier function, dietary BMD and Albac were fed to pigs 

undergoing heat stress.  BMD and Albac prevented reductions in TER in the colon but did 

not influence TER in the ileum of heat stressed pigs.  In addition, BMD and Albac reduced 

FITC dextran permeability in the ileum and colon of heat stressed pigs. In pigs housed in 

thermoneutral conditions, though, BMD and Albac reduced TER and increased FITC dextran 

permeability (Figure 1).  Not only did Albac and BMD prevent or reduce intestinal 

dysfunction brought on by heat stress, but Albac and BMD treatments also increased daily 

weight gain (Figure 5) and prevented decreases in villus height (Figure 6).  Also, BMD and 

Albac increased glucose-stimulated Isc in pigs housed under heat-stressed conditions (Figure 

3).  Interestingly, Albac and BMD did not prevent increase in rectal temperature brought on 

by heat stress, so the mechanism of action is not through thermoregulation (Figure 7).  Thus, 

dietary supplements Albac and BMD are successful in preventing intestinal barrier 

dysfunction brought on by heat stress.   
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BMD and Albac Prevent Stress-Induced Inflammation 

To test the effect of dietary supplement BMD and Albac on preventing heat stress-

induced changes inflammation, dietary BMD and Albac were fed to pigs undergoing heat 

stress.  Not only did Albac and BMD prevent or reduce intestinal dysfunction brought on by 

heat stress, but Albac and BMD treatments also decreased serum endotoxin levels in heat 

stress-treated animals (Figure 2) and reduced levels of proinflammatory mediator release 

from heat stressed pigs (Figure 3).  Taken together, dietary supplements Albac and BMD are 

successful in preventing intestinal inflammation brought on by heat stress.   
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Discussion 

  

  Maintaining a healthy intestinal barrier is essential for the prevention of intestinal 

disease, inflammation, and proper absorption of nutrients.  Here, we present data examining 

the effect of dietary bacitracin in the form of commercially available BMD and Albac on the 

prevention of intestinal barrier dysfunction due to heat stress in pigs.  The described studies 

provide evidence for porcine heat stress causing increased intestinal barrier dysfunction 

through increasing intestinal paracellular permeability, decreasing TER, increasing the 

release of proinflammatory cytokines and serum endotoxin levels, and reducing villus height.  

This data provides conclusive evidence that heat stress is associated with large scale negative 

physiologic and inflammatory changes in the intestine, and is consistent with data from other 

heat stress studies.   Other studies have reported heat-stress caused increased intestinal 

lesions and decreased villus height [274, 275] this data provides novel observations in heat 

stress-induced physiologic changes, including increased paracellular permeability and TER, 

indicating that heat-stress induced changes are not only morphological but molecular in 

nature.   

 Porcine heat stress caused a significant decrease in the ability of ileal tissue to absorb 

applied glucose, indicating that this stress impairs absorption of nutrients in the intestine.  

While studies have previously shown heat stress is associated with a decrease in ADG [276, 

277], studies have also shown that heat stress causes decrease in food intake [277].  In this 

vein, decrease in ADG is directly a result of decreased food intake.  The current study 

provides evidence for a mechanism of reduced ability of intestinal nutrient absorption, which 
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could also cause decreased weight gain.  This novel finding correlates physical stressors and 

decreased ability to absorb nutrients, which profoundly influences animal health and product 

integrity.  Further studies will show if this finding is maintained long-term post stress event.   

 In addition, treatment of dietary bacitracin in the form of BMD and Albac was 

successful in ameliorating some of the effects of heat stress in the intestine.  BMD and Albac 

treatment significantly prevented decreases in colonic TER and increases in colonic 

paracellular flux, preventing negative changes in physiology barrier parameters.  BMD and 

Albac also decreased levels of serum endotoxin, most notably on Day 10, as well as 

decreasing ileal levels of IL-8 and TNF-α, thereby preventing heat-stress induced 

inflammation.  Most notably, dietary bacitracin restored the ability of the intestine to absorb 

glucose, and showed slight increase in ADG.  A recent study has examined the effect of 

BMD on heat stress-induced physiologic changes, where data presented reported that BMD 

enhanced villus height, but no effect on ADG, and it was concluded that BMD did not 

prevent negative heat stress-induced effects [277].   Thus, the present study provides novel 

evidence of dietary bacitracin preventing both the physiologic and inflammatory effects of 

heat stress in the porcine intestine.  Given this, BMD and Albac treatment could prevent 

physical stress-induced intestinal barrier dysfunction in pigs during multiple phases of life 

and production, providing enhanced production value and animal performance.  Further 

research will provide evidence for dietary bacitracin preventing intestinal dysfunction 

resulting from other psychological stressors.   

In addition, data presented here correlates with other models of heat stress and has 

implications for human disease.  Increased proinflammatory mediator release and 
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coritcosterone levels, along with increased intestinal lesions and decreased villus height has 

been reported [274, 275] in mouse models of heat stress.  In particular, increased levels of 

proinflammatory cytokines including IL-12p40, IL-6, TNF-α, IL-10, and IL-1β in these 

models [274, 275] are correlated with increases in cytokines in human patients admitted for 

heat stroke, including IL-1α, IL-1β, IL-6, IL-10, IFN-γ, and TNF-α [278-281].  Evidence also 

exists for heat-stress induced immune changes in pigs as increased lipopolysaccaride-induced 

proliferation and natural killer cell cytotoxicity [276].  Pigs are a well-established animal 

model for human disease, and as this model provided evidence for heat-stress induced 

increases in proinflammatory cytokines IL-6 and TNF-α, this model could be used to study 

heat-stress induced inflammatory and physiologic changes in vivo with relevance to human 

heat-stress induced events.   

 Here we present novel data showing dietary bacitracin in the form of BMD and Albac 

preventing heat-stress induced intestinal barrier dysfunction, in physiologic markers, 

intestinal morphology, nutrient absorption, and inflammation.  These novel findings provide 

evidence for dietary prevention of stress-induced intestinal dysfunction that is applicable to 

both pork production and prevention of human heat-stress induced disease.  Further research 

will provide conclusive evidence as to the effects of dietary bacitracin on other stress-

induced disorders and intestinal health, as well as the specific mechanism behind the 

beneficial properties of dietary bacitracin to the gut.  
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Figure 1. The Effects of BMD and Albac on intestinal barrier function in pigs housed under 

thermoneutral and heat-stressed conditions. Transepithelial electrical resistance (TER) was 

measured in ileum (A) and colon (B) and indicates intestinal paracellular permeability to 

small cationic substances (e.g. Na
+
). FITC dextran permeability was measured in the ileum 

(C) and colon (D) and was used as an index of large macromolecular permeability (similar in 

size to luminal antigens and toxins).  Heat stress reduced TER in the ileum and colon. BMD 

and Albac prevented reductions in TER in the colon but did not influence TER in the ileum 

of heat stressed pigs. Heat stress increased the permeability to FITC dextran in ileum and 

colon. BMD and Albac reduced FITC dextran permeability in the ileum and colon of heat 

stressed pigs. In pigs housed in thermoneutral conditions, BMD and Albac reduced TER and 

increased FITC dextran permeability.   *P<0.05 vs. controls within environmental 

temperature groups; 
#
P<0.05 vs. respective controls in the thermoneutral environment. 2-

Way ANOVA. n=8/treatment. 
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Figure 2. The Effects of BMD and Albac on serum endotoxin levels in pigs housed under 

thermoneutral and heat-stressed conditions. Heat stress increased serum endotoxin levels in 

pigs fed control diets. BMD and Albac reduced  serum endotoxin levels in  pigs housed 

under heat-stressed conditions.   *P<0.05 vs. controls within environmental temperature 

groups; 
#
P<0.05 vs. respective controls in the thermoneutral environment. 2-Way ANOVA. 

ND = non-detectable. n=8/treatment 
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Figure 3. The Effects of BMD and Albac on ileal glucose absorptive responses in pigs 

housed under thermoneutral and heat-stressed conditions. Glucose induced short circuit 

current (Isc) is a measure of glucose transport function (a higher Isc in response to glucose 

challenge reflects greater glucose absorption. Heat stress reduced glucose-stimulated Isc. 

BMD and Albac increased glucose-stimulated Isc in pigs housed under heat-stressed 

conditions.  *P<0.05 vs. controls within environmental temperature groups; 
#
P<0.05 vs. 

respective controls in the thermoneutral environment. 2-Way ANOVA. n=8/treatment 
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Figure 4. The Effects of BMD and Albac on intestinal inflammatory cytokine levels in pigs 

housed under thermoneutral and heat-stressed conditions. IL-8 and TNF-α were measured in 

ileal (A,C) and colonic (B,D) mucosa as markers of intestinal inflammation. Heat stress 

increased IL-8 and TNF-α in the ileum but did not influence colon levels. BMD and Albac 

reduced IL-8 and TNF-α in the ileum of heat-stressed pigs.  *P<0.05 vs. controls within 

environmental temperature groups; 
#
P<0.05 vs. respective controls in the thermoneutral 

environment. 2-Way ANOVA. n=8/treatment 
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Figure 5. The Effects of BMD and Albac on average daily gain in pigs housed under 

thermoneutral and heat-stressed conditions. BMD and Albac increased average daily gain 

compared with controls however the means were not statistically different. n=4/treatment.    
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Figure 6. The Effects of BMD and Albac on villus height in pigs housed under thermoneutral 

and heat-stressed conditions. Heat stress reduced villus height in the ileum. BMD and Albac-

fed pigs did not exhibit reduced heights.  *P<0.05 vs. controls within environmental 

temperature groups; 
#
P<0.05 vs. respective controls in the thermoneutral environment. 2-

Way ANOVA. n=8/treatment 
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Figure 7. The Effects of BMD and Albac on rectal temperature in pigs housed under thermo-

neutral and heat-stressed conditions. Heat stress increased rectal temperatures in all pigs 

when measured on Day 3 and 10 of the experiment, regardless of treatment.  
#
P<0.05 vs. 

respective controls in the thermoneutral environment.  2-Way ANOVA. n=8/treatment. 
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CONCLUSION 
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 Psychologic stressors have the potential to detrimentally affect a sensitive intestinal 

barrier and initiate or exacerbate gastrointestinal disease.  The research presented above 

provides evidence for the mast cell (MC) and corticotropin-releasing factor (CRF) receptors 

being not only necessary for the intestine’s response to stress, but integral in mediating the 

intestinal response to stress.  Data presented herein presents a novel role of divergent CRF1 

and CRF2 in mediating the intestinal response to stress, with CRF1 driving intestinal barrier 

dysfunction due to stress while CRF2 mediates a protective, stimulatory response to stress.  

Chapter 2 provides conclusive evidence of divergent receptor responses downstream of 

receptor agonist treatment ex vivo.  In this study, CRF1 activation ex vivo in healthy ileal 

tissue resulted in increased intestinal barrier dysfunction, indicated by increased paracellular 

flux and decreased transepithelial electrical resistance (TER), while CRF2 activation resulted 

in enhanced barrier function, indicated by significant decrease in paracellular flux and 

increase in TER.  In addition, CRF1 activation was consistent with increased 

proinflammatory mediator release, including increased TNF-α and tryptase release.  Chapter 

3 presents an in vivo CRF2 blockade study exemplifying the degree of protection CRF2 

activation provides, as well as the downstream MC activation, proliferation, and 

inflammation resulting from CRF2 blockade during early weaning stress (EWS).     

 This data further elucidates a pathway (Figure 1) of stress-induced, MC dependent, 

CRF1 driven intestinal barrier dysfunction in the gut, as well as a novel CRF2 driven 

protective response.   Downstream of central perceived psychological stress, CRF receptors 

on MCs are driving the intestinal response to stress in the gut.  MC mediators released 

downstream of CRF1 activation, including TNF-α and tryptase, have the ability to negatively 
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affect the intestinal barrier through effecting TJ proteins, for instance occludin, and 

paracellular permeability.  Downstream of CRF2 activation, there is a lack of 

proinflammatory mediators as well as increased TER and decreased paracellular 

permeability, indicative of enhanced barrier function properties.  This mechanism, while 

dependent on MCs, also requires intact enteric neural signaling.  At this point, the exact role 

of neural signaling in the gut remains unclear, as neural CRF could activate MCs or release 

mediators that are required for MC sensitization, but it is evident that nerves play an 

important role in this pathway.  This data presents a novel CRF2 protective function that is 

MC-dependent, while solidifying the role of both receptors in stress-induced barrier 

dysfunction in the gut.  Future experiments will further elucidate the downstream signaling 

pathways of each receptor, as well as products released downstream of CRF2 activation.   
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Figure 1.  Proposed mechanism of CRF receptor signaling in the intestinal response to stress.  

Central psychological stress causes the central and peripheral release of CRF, which binds to 

MC CRF receptors CRF1 and CRF2.  CRF1 signaling causes impaired barrier function 

through increased paracellular permeability, decreases in TER, and increased release of 

proinflammatory mediators TNF-α and tryptase.  CRF2 signaling causes increases in TER, 

decreases in paracellular permeability, and no significant increases in release of 

proinflammatory mediators.  Neural signaling is required for this response.  This presents 

novel divergent roles of CRF receptors downstream stress signaling in the intestine.   
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